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In this work, SiO2, MWCNTs, MWCNTs:SiO2, MWCNTs-TiO2, and MWCNTs:TiO2:SiO2 
nanomaterials were synthesized and characterized by the use of different techniques to 
ascertain novelty of the nanomaterials and also to establish their suitability for several 
electrical, electronic and magnetic based device applications. The results, in general, indicate 
that the nanocomposites were well prepared and the properties of MWCNTs can be tuned by 
introducing SiO2, TiO2, and a composite of SiO2 and TiO2 in its matrix. This tunability of 
properties leading to the suitability of the material for various applications has been explained 
in this work. 
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1. 1. Background 
The electronic and magnetic behavior of a material depends on the interaction of electrons in 
the material when subjected to an electric and magnetic field. The theory of electron explains 
electronic, magnetic, electrical, optical, and thermal properties of the material. This theory is 
important since new technology depends on it [1]. For example, electronic materials are used 
to fabricate devices for various applications such as light-emitting diode (LED), memories, and 
displays. Magnetic materials are utilized for transformers, electric generators, loudspeakers, 
motors, tapes, and tape recorders [1].  The current devices are unable to operate efficiently due 
to an increase or change in demand. It is therefore important that new materials with improved 
properties are developed to meet these technological challenges. The efforts in developing new 
materials have led to the search of materials that are ballistic with a weak spin-orbit coupling 
which yields long spin lifetime such as carbon nanotubes (CNTs) containing nano-magnetic 
materials [2].  In this work, properties of multiwall CNTs (MWCNTs) would be established 
and studied with the ultimate of improving its electrical and magnetic properties for various 
applications, particularly for nano-electronics devices. 
1.2. Motivation of the study 
Understanding the interaction of spin electrons in nano-materials will enable avenue for novel 
electronic and magnetic devices. The technology is at advantage of producing a very fast, high 
density, less power consuming, non-volatile, and more versatile devices. The spin relaxation 
time is described as a time at which the electrons diffuse within the material without losing 
their coherence [3], which makes electronic and magnetic devices attractive for data processing 
and storage capabilities. The materials with long spin relaxation time are, therefore, reliable for 
electronic and magnetic applications. 
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An attempt has been made to improve the spin relaxation time of different materials. Jiang et 
al. [4] investigated the formation of a spin injection structure which is based on the crystalline 
MgO/CoFe tunnel barrier. Although, the structure showed long spin relaxation time at 100 K. 
The suggestion of sputter deposition fabrication of MgO by the author is still not understood, 
hence not reproducible. It was noted that the giant magneto-resistance (GMR) effect of 
MgO/CoFe was not studied. On the other hand, a material with long spin relaxation time 
corresponds to a large decrease or no GMR.  
Morley et al. [5] worked on FeCo and NiFe spin-valve devices and showed that the material 
could have long spin relaxation time at room temperature. It was also observed that the 
thickness of the non-magnetic spacer increases with a decrease in GMR. The increase in the 
layer thickness will be a shortfall in the practical implementation of the structure. The reason 
being that the thickness of the layer needs to be at the nanoscale to control the coupling between 
the two ferromagnetic layers [6]. 
In-Mn:As and Ga-Mn:As [7,8] semiconductors have long spin lifetime and a Curie temperature 
of 35 K and 100 K, respectively. Despite the long spin relaxation time, the Curie temperature 
is low for practical implementation. The practical implementation of ferromagnetic materials 
requires a temperature range of at least ≥300 K, a temperature at which the devices would be 
expected to operate under. At this temperature, the materials however lose their permanent 
magnetism [9]. 
Similar work on improving properties of the materials for memory storage application was 
presented by Pramanik et al., Wang et al., and Park et al. [10-12].  In their work [10], nanowire 
spin valves based on tri-layer cobalt, an organic, Alq3, and nickel were fabricated. The result 
in this case showed a long spin relaxation time at 100 K. Despite the long spin relaxation time, 
the procedure seemed complex and there is a possibility of inter-dispersion of these materials 
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which could influence the results negatively. Furthermore, the long spin relaxation time 
discovered at a low temperature is still a shortfall. 
Wang et al. [11] worked on Fe/Alq3/Co spin-valves. In this case, a long spin relaxation time 
and GMR approximately 5 % at 11 K were observed. GMR was also observed to vanish at 90 
K.  The GMR vanishing at a low temperature is a challenge for practical implementation, since 
it shows that the device would be unstable, hence, unreliable during its operation time. In a 
related study, Park et al. [12] studied the flow of electrons from an antiferromagnetic layer 
(IrMn) to a non-magnetic metallic layer (Pt) through a tunnel barrier. A large GMR of 
approximately 160 % at 4 K was detected. The effect of GMR later vanishes at 100 K. The low 
temperature observed will be a challenge for practical applications. It can be noticed that as the 
properties are being improved the temperature has been a challenge [13–15]. 
Hueso et al. [13] demonstrated  an injection of spin currents from La0.7 Sr0.3 MnO3 into CNT 
and transform the spin information into a large electrical signal. The direct action of the 
magnetic field on electric current calculated in their system was 61% at 5 K. This indicates 
long spin relaxation time still at low temperature.  
In their study, Tsukagoshi et al. [14] found MWCNTs/Co to have long spin relaxation time and 
a decrease in GMR which later vanishes at 20 K. The vanishing of GMR at a low temperature 
is a setback. Similar work on CNT/Fe and CNT/(Ga, Mn) was presented by [15], the GMR 
vanishes at a low temperature, <30 K.  
The interactions of spin electrons of some nano-composite materials have not been fully 
understood. These materials have shown the potential to be suitable for various applications 
[15]. The current study involves MWCNTs materials which are more cost-effective and 
promising materials compared with those used in previous studies [4,5,7,8,10-12]. These 
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materials are most suitable due to their perfect spin-transport medium. MWCNTs also have 
spin electron transport in one-dimensional and ballistic with a weak spin-orbit coupling which 
yields a long spin relaxation time [16]. MWCNTs are diamagnetic material because they lack 
a magnetic moment. Also, they are conducting in nature and are low-density materials [17,18]. 
Based on this fact, properties of MWCNTs need to be improved by functionalizing them with 
some nanoparticle materials to establish their magnetic moment, semiconducting behaviour 
with high storage density, and to vary its magnetization for different electronic, electrical and 
magnetic applications. 
Silicon and Titanium dioxide were used to functionalize MWCNTs due to the fact that Silicon 
and Titanium are cheaper and abundant in nature. Also, silicon is a semiconducting material 
that can act as an insulating as well as a conducting material depending on the operating 
condition. Titanium, on the other hand, has excellent physical properties such as lightweight, 
corrosion resistance, and high strength which can be oxidized to produce titanium dioxide 
(TiO2) [19]. TiO2 could be considered as a supporting nanomaterial due to its semiconducting 
properties, nontoxic, and possibility of charge transfer characteristic [20]. It is of these reasons 
silicon, titanium dioxide, and the composition of the two (Si and TiO2) were used to tune the 
properties of MWCNTs to establish the feasibility of the material to be used for electronic, 
electrical and magnetic device applications. 
1.3. Aim and objectives 
The aim is to develop reliable functionalized MWCNTs for efficient electronic and magnetic 
material-based devices. 
The specific objectives are to: 
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1. Synthesize MWCNTs materials using spray pyrolysis and chemical vapor decomposition 
methods; 
2. Functionalize MWCNTs materials with different concentrations of SiO2-NPs, TiO2-NPs, 
and TiO2:SiO2 using different methods; 
3. Characterize the unfunctionalized and functionalized materials with different techniques;  
4. Study the electronic, electrical, and magnetic properties of unfunctionalized and 
functionalized MWCNTs materials. 
1.4. Structure of the thesis  
Chapter one presents information on a general introduction to the electronic and magnetic 
properties of MWCNTs, motivation, problems, aim, and objectives of the research. Chapter 
Two consists of the overview, properties, synthesis, structure, functionalization, magnetism, 
and applications of CNTs. Chapter Three consists of the experimental details, which involve 
characterization techniques. Chapter Four studies the electronic, electrical, and magnetic 
behavioral change of MWCNTs-SiO2-NPs with the aim of developing a material with 
improved properties for different electronic/magnetic applications. Chapter Five investigates 
the electronic and electrical behavior of MWCNTs-TiO2 nanocomposites material with the help 
of different techniques used in this article for electrical/electronic devices, particularly for 
memristive devices. Chapter Six examines the electronic, electrical, and bonding properties of 
MWCNTs:Ti:Si materials and explains the chemical bonding, electrical, and electronic 
structure of the material. Chapter Seven contains a summary of chapter One to Six, general 
conclusion, recommendations, and future work. The published papers to peer-review journals 
are contained in the Appendix.  
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2.1. A brief history of CNTs 
Carbon nanotubes (CNTs) have been discovered as carbon filament decades ago (1952) by 
Russian scientists Lukyanovich and Radushkevich. It was quite unfortunate that their discovery 
was not recognized by western scientists due to the cold war at that time. Access to their article 
was limited and most of the Russian papers didn't appear in the database of literature [1]. In the 
1970s, throughout oxygen combustion, carbon nanofilaments were formed as a by-product 
alongside carbon fibers. Thereafter, Iijima used HRTEM (high-resolution transmission 
electron microscopy) to investigate these nanofilaments, which brought about CNTs discovery 
in 1991 [2] and was given credit for making CNTs known to the science community. Iijima [3] 
and Bethune [4] also reported single-wall carbon nanotubes (SWCNTs) in 1993. The discovery 
of CNTs opened ways for novel electronics due to their characteristics, which was proven 
experimentally in 1998 [5]. 
2.2. Carbon nanotubes (CNTs) 
Carbon materials exist in amorphous, diamond, and graphite structures. The well-known 
allotropes of carbon are graphite and diamond [6]. Research methods have expanded the 
existing knowledge about carbonaceous materials and more allotropes have been identified [6]. 
These allotropes include [7]: graphene, fullerene, and carbon nanotubes. Most research in 
material science has been about the allotropes (graphitic carbon) due to their exceptional 
electrical [7–9], thermal [7,9,10], and mechanical [7,9,11] properties for several applications 
such as electronics, communication, storage, medical and composite materials [9,12]. Research 
about nanotubes has accelerated over the last decade due to their better properties and have 
begun to find several commercial applications [7]. After the discovery of CNT by Iijima [13], 
most research has been about synthesis, properties [7], and applications [12,14]. CNTs can be 
synthesized and purified using different techniques. The most common techniques used in 
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synthesizing CNTs are arc discharge, laser ablation (LA), and chemical vapor deposition 
(CVD) [15]. The techniques used in purifying CNTs are oxidation, ultrasonication, acid 
treatment, annealing, micro filtering, and functionalization techniques [12]. 
2.2.1. Synthesis of CNTs 
Arc discharge method makes use of two graphite electrodes (cathode and anode), which were 
steamed by 100 A DC current through a separation of 1 to 2 mm between the cathode and 
anode in a helium atmosphere of 400 mbar. After this process, the cathode experiences a build-
up of the carbon rod. This method is mostly used in the production of MWCNTs and also, with 
the introduction of catalysts like Mo, Ni, Co, or Fe, SWCNTs can be produced. Parameters like 
metal concentration, temperature, type of gas used and inert gas pressure determined the quality 
and quantity of the purity, lengths, and diameters of the obtained nanotubes. Thereafter, another 
method was successfully introduced in 1996 by Smalley called laser ablation (LA), which 
produces SWCNT in large quantities [16]. In the LA method, a composite of graphite-metal 
(target) is placed in a furnace of high temperature up to 1200oC. A laser beam is then focused 
on the target which scans through the surface for vaporization. There is some dirt produced 
during this process, which is been cleaned by Ar gas flowing through the system from a very 
high-temperature region into a water-cooled collector made of copper situated outside the 
furnace. The LA method utilizes 1.2 percent of nickel/cobalt and 98.8 percent of the target, the 
metal act as a catalyst in growing the SWCNTs [17]. Arc discharge and laser ablation are 
techniques used in synthesizing CNTs with high quality. They, however, have the disadvantage 
of being costly and low scale production. The purification of the obtained CNT is difficult due 
to the mixture of unwanted carbon impurities and metal species. CVD is another well-known 
technique used in synthesizing CNTs on a large scale, which has the degree of control over 
length, diameter, and morphology. It also has a higher potential for industrial production [12], 
Ph.D Thesis Oke James Ayodele; UNISA Physics 
13 
 
[15]. In the CVD process, nitrogen and hydrocarbon gas (methane, acetylene, and ethylene) are 
disintegrated under atmospheric pressure on a catalytic metal hot substrate inside a reactor at 
approximately 1000˚C to maintain the growth of CNT on the metallic catalyst. Different 
substrate can be used such as glass, SiO2, or Si for the deposition of solid catalyst, or injected 
gas [18,19]. The morphology of CNTs can be controlled using a high magnetic field (10 T) 
[20]. Types of CVD are radiofrequency (RF-CVD), microwave plasma (MPECVD), catalytic 
chemical (CCVD) (thermal or plasma-enhanced (PE) oxygen assisted CVD) and hot-filament 
(HFCVD) or water-assisted CVD. Nowadays, among the CVD techniques, CCVD is the most 
used technique for synthesizing CNTs. In comparison with arc discharge and laser ablation, 
using CCVD is more economical and has the advantage of large-scale production of pure CNTs 
[21]. 
 
Figure 2.1. Setup technique (a) arc discharge, (b) laser ablation, (c) thermal CVD [15]. 
2.2.2. Purification of CNTs 
Oxidation technique is a process of removing carbonaceous impurities using oxidizing agents 
such as H2O2 and H2SO4. The main disadvantage of this technique is that the impurities are not 
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only oxidized but also the CNTs. In the ultrasonication technique, vibration is used to obtain a 
pure CNTs in which the nanoparticles are separated and become more dispersed due to the 
introduction of vibration. The separation of the particles depends on the reagent, solvent, and 
surfactant used. Acid treatment is another well-known technique, which is used to remove 
impurities such as metal catalysts from CNTs. The surface of the metal must be exposed by 
oxidation or sonication before exposure to acid and solvated. The treatment has an effect on 
the metal catalyst but little or no effect on the pure CNTs obtained. Annealing method also 
involves the use of a very high temperature ranging from 873 to 1873 K to obtain a pure CNTs.  
The high temperature causes the graphitic carbon to decompose. When using high-temperature 
treatment of 1873 K, the metal will melt and can be separated from pure CNTs. Microfiltration 
is also a purification technique that is based on particle size separation. In this technique, CNTs 
are then trapped in a filter and other impurities are passing through the filter to obtain pure 
CNTs. Another most used technique is the functionalization of CNTs, in this process, other 
groups are been attached to the wall of CNTs, which makes them more soluble than the 
impurities. This attachment makes easy separation of  CNTs from the insoluble impurities 
(metal) with filtration [12]. 
2.2.3. Structure of CNTs 
CNT is a cylindrical fullerene or a wrapped graphene sheet (single layer of graphite atoms) and 
consists of sp2 hybrid carbon atom [12,22]. It exists in a single wall CNTs (SWCNTs), double-
wall CNTs (DWCNTs) and multiwall CNTs (MWCNTs) [12]. CNTs are arranged in a 
hexagonal shape (honeycomb arrangement) with each carbon atom covalently bonded to the 
other three carbon atoms. Nanotubes can either be an armchair, zigzag and chiral structures, 
depending on the folding of graphene sheet [23]. The structures of CNTs are shown in Figures 
2.2 and 2.3. 




Figure 2.2. Vector direction of chiralities of CNTs [12]. 
 
Figure 2.3. Different structures chiralities of CNTs. (a) armchair (b) zigzag (c) chiral [12]. 
In SWCNT, the carbon nanotube is a sheet of graphene wrapped into a cylinder (one-atom 
thick-layer of graphite) with open or closed ends with a definite size in a definite direction. 
Putting the cylinder symmetric into consideration, the graphene sheet have several atoms, and 
two out of these atoms are chosen, in which one serves as the origin. This sheet is wrapped till 
the two atoms overlap. The tube circumference is equal to the length of the vector which is 
pointing from one atom to the other and it is called a chiral vector (Figure 2.2). The axis of the 
tube's direction and the chiral vector are perpendicular to each other. The difference in chiral 
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vectors of SWCNTs has different electrical conductivity, mechanical strength, and optical 
properties, while in DWCNTs, there are two SWCNTs with one nested within the other with 
different diameters. MWCNTs, on the other hand, consist of multiple concentric SWCNTs 
where the interlayers are held together by Van der Waal's forces [22]. Two models used in 
describing the MWCNTs structures are Russian Doll and Parchment models. In the Russian 
Doll model, the sheets of graphite are arranged in concentric cylinders, while in the Parchment 
model, a single sheet of graphite is wrapped in around itself, like a rolled newspaper. The 
diameter of the outermost layer varies between a few nanometers (nm) and hundreds of 
nanometers, while the length can be as long as 100 μm. These forms of CNTs are shown in 
Figure 2.3. 
 
Figure 2.4. (a) Single wall carbon nanotubes (SWCNTs) (b) Double wall and carbon nanotube 
(DWCNT) (c) Multiwall carbon nanotubes (MWCNTs) [24]. 
MWCNTs are more attractive than SWCNTs because of their relatively low-cost production 
and availability in large quantities [24]. However, because of their chemical inertness, carbon 
nanotubes have to be functionalized to establish additional physical and chemical properties 
for electronic applications [24]. 
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2.2.4. Properties of CNTs 
Owing to one dimensional structure of CNTs, their electrical, thermal, and mechanical 
properties have been established to a huge extent. Their significant properties are been 
highlighted below. 
2.2.4.1. Electrical properties 
The electrical properties of CNTs depend on how the graphene sheet is been wrapped. Also, 
tube diameters and chirality (n, m) have an effect on their electrical properties. Owing to the 
direction in which CNTs is wrapped, they can either be semiconductor or metallic in nature 
with large and small energy gap [25]. For example; CNTs with the zigzag and Armchair 
structure are semiconducting and metallic material, respectively, while chiral has a unique 
structure [26]. The name of the structures initiated from the shape of the cross-sectional ring. 
The armchair structure has the chiral (n, n) direction at angle 30° with metal-like conductivity 
[27] with pseudo forbidding gap ranging from  2 to 50 meV and diameter range of  3.0 to 0.7 
nm [28], respectively. The zigzag structure has a chiral (n, 0) direction at angle 0° with 
semiconducting properties [27]. They have forbidding gap associated to their diameter, which 
range from < 0.4 to 2 eV with diameter > 3.0 and 0.4 nm [29], respectively. Chiral structure 
has chiral (n, m)  direction at angle  30° > θ >  0° [27]. Naturally, CNTs have electrical 
resistivity like a metal (10-4 to 10-3 Ω cm) [30] with a current flow a thousand times higher than 
that of copper (109 A cm–2) [31].  
2.2.4.2. Mechanical strength 
The honeycomb-like lattice of graphite in which its single layer makes up graphene with 
several atoms are held together chemically by strong bonds [32]. Due to these bonds, graphite 
is known as the largest basal-plane elastic modulus. Based on this fact, CNTs have been 
predicted to have great high strength fibers.  SWCNTs for example, are harder than steel and 
Ph.D Thesis Oke James Ayodele; UNISA Physics 
18 
 
are damage resistant to physical forces.  The tip of CNTs bends when pressed but tends to 
return to its original state when the force is removed without causing any damage to the tip.  
This uniqueness of CNTs makes them useful for high-resolution scanning microscopy [33]. 
CNTs have superior mechanical properties with large surface area and less density of 200-900 
m2g-1, and 1-2 g cm-3, respectively. A high Young’s modulus and tensile strength have been 
reported for MWCNTs to be 1.8 TPa and 150 GPa and 1.0 TPa and 100 GPa for SWCNTs, 
respectively [31,34].  
2.2.4.3. Thermal conductivity 
As wrapped graphene structures, CNTs are smaller in size. The quantum effects are of 
significant and thermal conductivity and the low-temperature specific heat shows evidence of 
1-D quantization of phonon band structure in CNTs [32]. Due to the uniqueness in structures 
or shapes of CNTs, made their longitudinal thermal conductivity exceptionally greater than 
that of graphite of range 1750–5800 W m−1 K−1 at 300 K which is following the thermal 
conductivity of pure diamond [25]. CNTs also have high thermal stability up to~750 and ~2800 
°C in air and vacuum respectively [34,35].  
2.2.5. Functionalization of CNTs 
Functionalization of CNTs is a deliberate introduction of impurity atoms or molecules into the 
lattice of CNTs, either by physisorption or chemical bonding [26]. CNTs are functionalized to 
modify their electrical, chemical, physical, and magnetic properties for various applications 
[36]. As a result, functionalization could be a route to modify the properties of material towards 
the desired application [26]. Attaching or restraining chemical or biological atoms or molecules 
onto the surface of CNTs can also give room for biochemical sensors [26,37]. Functionalizing 
CNTs with ferromagnetic nanoparticles or the adsorption of oxygen atoms transform their 
diamagnetic to ferromagnetic behavior.  When CNTs are wrapped into zigzag chirality, they 
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act as a semiconducting material and are diamagnetic in nature, although, coating them with 
titanium establish their conductivity and magnetization [26]. The two main methods used to 
functionalize CNTs are covalent and non-covalent modification [12,36]. Covalent and non-
covalent modification attaches functional groups to the CNTs. The attachment of the functional 
group can be on the ends or sidewall [36]. Furthermore, CNTs tend to agglomerate due to their 
hydrophobic nature deterring their dispersion in the solvent. To disperse CNTs in a solvent, the 
surface needs to be modified to decrease the hydrophobicity and improve the interfacial bond 
to other material through chemical attachment [15]. Due to this uniqueness and the possibility 
of modifying its surface, CNT becomes promising material for other many technological 
applications [22] particularly for nanoelectronics devices [38]. It is mainly of these reasons that 
the study is about CNTs. 
2.2.5.1. Non-covalent modification of CNTs 
Non-covalent functionalization does not disrupt the natural configuration of the CNTs with the 
cost of stability [36]. Different techniques were used in carrying out non-covalent 
functionalization. These techniques include metal, polymer biological, and Endohedral 
functionalization. Metal functionalization involves the use of nanoparticles like Ni, Au, or Ag 
to be decorated on the surface of CNTs [30]. Functionalizing CNTs with polymer energizes 
the Van Der Waals forces to roll CNTs with polymer chains as seen in Figure 2.5 (D) [39]. The 
conjugation of protein and DNA are attached to the wall of CNTs by biological 
functionalization (Figure 2.5 (E)) to produce bioactive CNTs for drug carriers and bio-sensing 
[30], [40]. Endohedral functionalization is a method whereby molecules are captured within 
CNTs by the effect of a capillary tube [39] (Figure 2.5 (E)).  
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2.2.5.2. Covalent modification of CNTs 
The covalent process is very stable and the sp2 hybridization is disrupted due to σ-bond formed. 
During mechanical loading and production, the σ-bond formed normally contains defect sites, 
which disrupt local bonds [26]. For example, functionalizing CNTs with HNO3 [41–43], H2SO4 
/ HNO3 [44–46], H2O2 / H2SO4 [42,47] induced the formation of C=O, C–OH and COOH 
bonds [48,49], which are connected covalently to the structure of CNTs. Furthermore, the 
attachment of nanoparticles (NPs) can also form a covalent bond directly by transforming the 
carbon atom from sp2 to sp3 hybridization. This technique provides a strong covalent bond and 
wide destruction which leads to a huge defect [30,39]. The different types of covalent and non-
covalent functionalization are presented in figure 2.5. 
 
Figure 2.5. Possible modification for CNTs:  (A) defect modification, (B) wall-side 
modification, (C) bio- modification, (D) polymer modification, and (E) endohedral 
modification [30]. 
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2.3. Magnetic CNTs 
Elements of the periodic table are classified base on their positive and negative relative 
permeability into ferromagnetic, antiferromagnetic, diamagnetic, and paramagnetic materials. 
Ferromagnetic materials are iron, cobalt, and nickel with high permeability of 102 to 105, which 
makes magnetic moments in them parallel and equal. In Antiferromagnetic materials, the 
reverse is the case whereby their magnetic moments are equal and antiparallel, which produces 
nearly zero net magnetization. This only occurs in chromium [27]. Paramagnetic materials are 
material (oxygen) with positive and low relative permeability. Diamagnetic materials like 
noble gases and carbon are the weakest form of a magnetic material due to their very weak 
negative relative permeability. 
CNTs are diamagnetic materials, but the attachment of magnetic nanomaterials (MNMs) onto 
its surface either by covalent or non-covalent modification makes them a potential material for 
magnetic applications. The incorporation of MNMs to a diamagnetic material with high relative 
permeability induce a composite material with transitional magnetic behavior. The attachment 
of MNMs is an appropriate way to control and align CNTs when exposed to an external 
magnetic field [50,51]. This functionalized (F)CNTs surface also offers different surfaces that 
match well with dispersing mediums. The FCNT's surface is used to overwhelm the high 
connected electric resistance that occurs owing to their anisotropic behavior. Also, the 
functionalization of the CNTs surface improves their mechanical properties by helping with 
mechanical load transfer [52]. Due to nature (quasi-one-dimensional) of CNTs, making them 
parallel alongside their longitudinal axes are best exploited [53]. Magnetic CNTs are used in 
several applications such as biomedical applications [54], phase separation [55], microwave 
absorbers [56,57], drug carriers [40,58], and wastewater treatment [59,60]. 
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2.3.1. Magnetic moment 
Modifying CNTs with MNMs can be achieved by utilizing the techniques discussed above. 
MNMs are materials that possess magnetic moment which can be used to manipulate CNTs in 
several dispersing medium using an external magnetic field. When an electric current is 
flowing through a wire it produces a magnetic field (H). The current density (J) is equal to the 
curl of the magnetic field (∇ × H) with a stable electric field [27]. Also, when a current (I) is 
introduced into a finite loop of area (A) with angular velocity (ω) and charge (q), produces a 
magnetic moment (m). Likewise, the electrons in a circular path moving with q = −e, velocity 
(v = ω × r), and mass (me) as shown in figure 2.6 produced an orbit m (mo) and orbit 𝑙 [27]. 
 
Figure 2.6. Production of angular momentum 𝑙  and magnetic moment (m) through current 
flowing a loop [27].  
2.3.2. Magnetic domains 
A region in a magnetic material can be regarded as a magnetic domain when the magnetization 
is in a homogenous direction. This indicates a single domain where the magnetic moments are 
aligned pointing in the same direction. When the material is cooled beyond Curie temperature, 
the region is then divided into smaller regions known as multi-domains. These multi-domains 
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are separated by domain walls in which the magnetization in one domain is parallel to the other 
or in a different direction [27]. The structure of the magnetic domain determines the magnetic 
behavior of the material. The magnetization in each domain can be in different angles and are 
categorized into single, 180o, 90o wall domains [61] as displayed in figure 2.7. 
 
Figure 2.7. (a) single-wall domain. (b) 180◦ wall domain. (c) 90◦ wall domain [61]. 
2.3.3. Magnetic-hysteresis (M-H) loop 
The magnetization of a material can be determined by using the M-H loop, which shows the 
level of magnetization and demagnetization of that material as presented in figure 2.8. When 
the magnetic field is applied, the domain walls accelerate in contrary to the crystal defects. This 
is to direct the magnetic moment into the crystal axis, which is closely aligned to the direction 
of the field. Therefore, making the material a single domain. The single-domain can then be 
rotated from the easy direction to a parallel direction by an increase in the strength of the 
magnetic field. The magnetization in the material reaches a magnetic saturation (Ms) and the 
field applied is been removed, the material still retains its magnetization. This is known as 
remanence magnetization (Mr). Furthermore, the retained magnetization needs to be reduced 
to zero, which involves the reversal of the process, and the required field needed to do so is 
known as a coercive field (Hc) [27]. This mechanism is analogous to the electrical hysteresis 
loop. The figure below represents the M-H loop of a magnetic material.  




Figure 2.8. M-H loop of a magnetic material [27]. 
2.4. Electrical hysteresis loop and memristive behavior  
Most CNTs are conducting material in nature but when functionalized with semiconducting 
NPs using the methods discussed earlier, its electrical structure can be transformed into a 
semiconducting material. It has been confirmed that most types of semiconductor spintronic 
systems have memristive behavior [62]. The mechanism is based on a convenient control of 
electron spin degree of freedom in nanostructures. If the external voltage (control parameter) 
is changed, the tuning of electron spin polarization is deferred because of the relaxation and 
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3.1 Characterization Techniques 
The working principle of the equipment used in characterizing the synthesized nanomaterials 
utilized for this study has been described in this section. Field emission scanning electron 
microscopy (FE-SEM), X-ray diffraction (XRD), Raman spectroscopy, X-ray photoemission 
spectroscopy (XPS), X-ray absorption near-edge spectroscopy (XANES), current-voltage (I-
V), superconducting quantum interference device (SQUID) and electron spin resonance (ESR) 
techniques were used to characterize TiO2, SO2, MWCNTs, MWCNTs:SO2, MWCNTs-TiO2, 
and MWCNTs:TiO2:SO2 nanomaterials. All characterizations were carried out at room 
temperature, except SQUID which was also measured at 40 K. 
3.1.1. Field emission-scanning electron spectroscopy (FE-SEM) 
FE-SEM spectroscopy is an image characterization method to study a microstructure and 
morphology of nanomaterial. FE-SEM utilized a speed of beams to scan through the surface of 
a material, as a result, sequences of radiations will be emitted, which is exploited and then form 
images [1]. Such radiations emitted are: 
1. Characteristic X-rays which arise from the energy difference between two electrons; 
2. Secondary electrons less than 50 eV energy ejected from the outer orbital of the atoms 
of the sample due to multiple inelastic scattering effects; and  
3. Electrons that are scattered backward above 50 eV energy reflected out of the contact 
volume of the specimen due to the elastic scattering effect. 
The working principle of SEM is shown in figure 3.1 [1]. 




Figure 3.1. Schematic working principle of SEM. 
FE-SEM supplied by Jeol JEM of model 2100 was used to study the morphology of the 
nanomaterial, which operates at a voltage range of 0.5 to 30 kV. 
3.1.2. X-ray diffraction (XRD) 
XRD is an essential technique which is used to characterize different materials and gives 
information about: 
1. Crystal structure; 
2. Crystalline phases; and 
3. Crystallite size. 
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XRD depends on the constructive interference of X-ray monochromatic and crystalline 
materials. Also, the X-ray monochromatic created in cathode ray tube depends on the 
bombardment of energetic electrons and filtered to yield radiation, which is focused on the 
material. Constructive interference is produced due to the interaction of the incident rays with 
the material, i.e the interaction gives diffracted rays by obeying Bragg’s Law [2] and is given 
as: 
nλ  2d sin θ         (3.1) 
where n is the reflection number, λ is the X-ray wavelength, d is the lattice distance and θ is 
the diffracted angle. Figure 3.2 shows the schematic diagram of Bragg’s Law in XRD [2]. 
 
Figure 3.2. Schematic diagram of the Bragg’s Law in XRD. 
Moreover, Scherrer’s equation [3] below was used to calculate the crystallite size of the 
nanocomposites materials.  
𝐷  kλ βcosθ⁄          (3.2) 
where D is the crystallite size, k is ~0.9, λ is the wavelength of x-ray (1.54 Å), β is the full 
width at half maximum and θ is the Bragg's angle.  
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In this work, X-ray diffractometer supplied by Rigaku Smartlab was used to characterize the 
samples with XRD technique. The wavelength (used was0.154 nm with Cu K-line 
radiation. 
3.1.3. Raman spectroscopy 
Raman spectroscopy is a characterization technique based on the scattering of inelastic 
monochromatic light from the laser source which is focused on the sample. There is a transition 
in the monochromatic light when interacting with the sample due to the rate of photons in the 
laser. The sample absorbed and reemitted these photons from the laser light and gives 
information concerning the defect in the sample. When compared with the monochromatic 
frequency, there is a shift up or down in the speed of the reemitted photons. This shift is known 
as the Raman effect. The rotation and vibration effect also depends on this shift [4]. 
Raman spectroscopy supplied by Horiba scientific XploRA with Laser light excitation energy 
(Eex = 2.41 eV) at 532 nm was used to study the defect in the nanomaterials. 
3.1.4. X-ray photoelectron spectroscopy (XPS) 
XPS technique is used to examine the elemental composition of a material. Also to determine 
the material's chemical and electronic state. The principle of XPS is based on photoelectron 
spectroscopy which involves high energy radiation to eject core electrons from a sample [5, 6]. 
The diagram shown in figure 3.3 provides information on how core electrons are been ejected 
from a sample. 




Figure 3.3. Schematic principle of XPS [5]. 
The kinetic energy used to ejecting the core electrons is given as: 
𝐾𝐸  ℎʋ – 𝐸  –  𝜑         (3.2) 
where KE is the kinetic energy of the electron, h is Planck's constant, υ is the frequency of the 
incident radiation, Eb is the binding energy and φ is the work function. 
The kinetic energy of the ejected electron can also be determined using equation 3.2.  XPS is a 
powerful tool with monochromatic Al K radiation possessing excitation energy, h = 1486.6 
eV, and base pressure 1.2 x 10-9 Torr in which the presence and relative quantities of elements 
can be detected in a sample. Afterward, high-resolution scans of the peaks give information 
about the state and environment (hybridization, bonding, and functionalities) of atoms in the 
sample, which makes it easy to understand the surface structure of the material. Thus, XPS 
technique is used to determine the purity of the material. Furthermore, XPS spectra give 
evidence of functionalization and can provide insight into the identity of the functional groups.  
The core levels C 1s, O 1s, Si 2p, Si 2s, and Ti 2p of the nanomaterials were studied using XPS 
KRATOS-SUPRA spectrometer with a base pressure of 1.2 x 10-9 Torr, monochromatic Al Ka 
and radiation possessing excitation energy of hv = 1486.6 eV. 
Ph.D Thesis Oke James Ayodele; UNISA Physics 
39 
 
3.1.5. X-ray absorption near edge structure (XANES) spectroscopy  
XANES techniques is an essential tool for characterizing CNTs materials. It gives information 
about the local electronic structure of a material in the form of bond hybridization (sp2 and sp3). 
In XANES spectroscopy, the photon beam exponential decay is measured with a specified 
source of energy. The energy source of the photon beam can be increased randomly, which is 
a key factor in which the X-ray absorption depends on. An edge is been created due to the 
increase in the X-ray absorption of molecules or atoms. As the photon beam passes through the 
material their energy is been measured [7]. This principle is based on Beer’s law and the photon 
beam passing through the sample is given as: 
𝐼 𝐼 𝑒            (3.3) 
 where Io is the incident photon intensity,  is the absorption coefficient and D is the component 
concentrations in the material. The symmetry crystalline solid for  value is calculated using: 
 ∑            (3.4) 
where V is the unit cell volume,   is the absorption cross-section and it is related to unit cell 
and n elements.   is in the order of 1𝑀𝑏𝑎𝑟𝑛  10 𝑐𝑚  [7]. 
The XANES of the nanocomposites materials were investigated using Taiwan Light Source 
(TLS) to study their electronic structures. 
3.1.6. Current-voltage (I-V) characteristic 
I-V technique is an essential tool to determine the electrical properties and conductivity of a 
material. Metals are known to be conducting materials due to the fact that the interacting force 
among electrons in them is very strong. This strong interaction results in the elimination of the 
forbidden gap, which allows the easy flow of free electrons from the valence to conduction 
band when heat or electric current is been introduced. Therefore, the electrical conductivity of 
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a material depends on the easy flow and numbers of free electrons that can move to the 
conduction band [8]. 
The I-V curves below are examples of the conducting and semiconducting structure of a 
material. 
 
Figure 3.4. Schematic diagram of a conducting I-V curve 
A typical I-V curve has current flowing in a positive and negative path (forward and reverse 
biased) with a voltage in the same direction. From figure 3.4, the curve cutting across the 
positive and negative path, indicating a linear curve and ohmic behavior. From the curve, the 
relationship between current and voltage can be written as 1/R, which is known as a constant 
slope.  
 
Figure 3.5. Schematic diagram of a semiconducting I-V curve 
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A semiconducting I-V curve is non-ohmic and nonlinear in nature as depicted in figure 3.5. 
From the figure, the current flowing through the positive path increases constantly until the 
positive voltage reaches an internal voltage barrier limit and thereby forming a nonlinear curve. 
On the other hand, the reverse-biased act as a diode. In the reverse-biased, there is a leakage 
current, which is as a result of the generation of a diode blocking the flow of current. As this 
process continues, the negative voltage becomes higher than the breakdown voltage. This result 
in the superposition of the voltage breakdown and diode voltage provides a rapid increase in 
the development of reverse current. 
In this study, the electrical conductivity of the nanomaterials was studied using silver paste as 
a conducting electrode and measured using Keithley 6487 with voltage sweep in the range of -
1 to 1 and steps of 0.01 V. 
3.1.7. Superconducting quantum interference device (SQUID) 
The magnetic behavior of a material can be measured using a superconducting quantum 
interference device (SQUID). Though, the transition in magnetic fluxes of material in extreme 
cases can be measured using this technique. Also, the technique is used in measuring the 
magnetic properties of a material at a wide range of temperatures, which gives information 
concerning the zero-field cooling (ZFC) and field cooling (FC) of the material. 
SQUID type magnetometer with sensitivity less than 5 x 10-8 emu was used to measure the 
magnetic properties of the studied nanomaterials at 40 K and 300 K.  
3.1.8. Electron spin resonance (ESR) 
ESR is a technique used in investigating samples with unpaired electrons and it is based on the 
photon energy absorbed or emitted by the unpaired electrons in the material when subjected to 
a magnetic field. When a material is inserted into the ESR system, microwaves and static 
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magnetic field were two key factors used in observing the behavior of the unpaired electrons 
in the studied material. The behavioral study of the electrons in the material provides 
information concerning the condition of the material. Figure 3.6 shows the schematic diagram 
of ESR process 
In this work, ESR supplied by Bruker EMX at 9.45 GHz was used to study the defect arising 
from ferromagnetism in the nanomaterials. 
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Electronic, Electrical and Magnetic Behavioural change of SiO2-












Carbon nanotubes (CNTs) such as single-wall carbon nanotubes (SWCNTs) and multiwall 
carbon nanotubes (MWCNTs) are man-made carbon allotrope which is consist of sp2 
hybridized carbon atoms. After the discovery of CNTs by Iijima in 1991 [1], different 
techniques (arc discharge, laser ablation, and chemical vapor deposition (CVD)) [2] have been 
used to synthesize CNTs. CVD is the most used technique in synthesizing CNTs on a large 
scale in the presence of a catalyst, which has the degree of control over length, diameter, and 
morphology. SWCNTs are graphene sheet rolled into a cylindrical shape and MWCNTs are 
multiple SWCNTs nested into the other. 
MWCNTs have been a material of focus due to their unique properties (electrical, thermal, and 
mechanical strength) and has been known for future potential applications in electronic, 
electrical, optical, and magnetic devices [3], depending on their structure and the form in which 
they are applied. An increased non-linearity current-voltage (I-V) relationship was displayed 
by different MWCNTs when connected under gold electrodes. On the other hand, nearly 
decreased if the contact was placed at the top of the inscribed CNTs. CNTs also demonstrated 
a promising application in electrochemical sensing due to their electrochemical stability, large 
surface area, and rapid electron transfer [4]. Despite the uniqueness of CNTs, there is still a 
need to transform its electronic, electrical, and magnetic properties to be tailored towards 
different applications. Efforts have been made to transform their properties, an example is a 
nitrogen and boron been introduced into the matrix of MWCNTs [5]. 
Silicon (Si) was used to functionalized MWCNTs in this research due to its high reactive centre 
which made the enhancement of their properties possible compared to boron and nitrogen. This 
possibility could give room to novel electronic, electrical, and magnetic nano-device 
applications. It was proven theoretically that the sp3 bond formed when Si is incorporated into 
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CNTs relaxed outward [6]. The formation of sp3 bond in the CNTs matrix is expected to 
transform and enhance its electrical/electronic/magnetic behavior. Also, there are formation of 
dangling bonds due to the chemical absorption of Si on the CNTs surface, which enables the 
modification into a changed material. From the theoretical calculation of important theory, it 
was observed that Si-doped CNTs behaved as a binding site for more functionalization of CNTs 
with exceptional contact of several nanoparticles [7]. Silicon displayed an important role in 
modifying the host structure compared to several elements of group IV due to its larger size. 
On Si doping, the distinct energy level increases in the forbidden gap and thus reducing the 
mobility of Si due to defect scattering. CNTs mobility has a minute negative effect when doped 
with Si owing to the strong contact between carbon (C) and Si atoms. Therefore, the 
arrangement of atoms and sp3 formation in MWCNTs:SiO2 structure was studied using 
different techniques.  
4.2. Methodology 
4.2.1 Preparation of MWCNTs 
Spray pyrolysis [8] technique was used to synthesize MWCNTs. In this process, a mixture of 
Fe(C5H5)2 (ferrocene-catalyst) and C7H8 (toluene-carbon source) were prepared. Thereafter, 
the mixture was atomized and fed into a quartz tube, which acts as a substrate in a horizontal 
hot-wall reactor at 850°C-900oC. The argon flow was sustained for almost 40 minutes for the 
completion of the growth of MWCNTs. Furthermore, the MWCNTs were purified using the 
mixture of nitric and hydrochloric acid in the ratio of 1:1 and was stirred for 90 minutes. The 
MWCNTs were filtered and washed with distilled water to remove any waste from the acids. 
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4.2.2 Preparation of SiO2 and MWCNTs:Si nanocomposites   
The thermal decomposition method [9] was adopted to synthesize Si-NPs. The process involves 
the thermal decomposition of chloro(dimethyl) octadecylsilane in a 1,3,5-trimethyl benzene 
solvent at ~140 oC. Chloro(dimethyl) octadecylsilane was used due to its uniqueness under 
low-temperature degradation compared to octadecylsilane which requires a high-temperature 
degradation of greater than 200 oC and trichlorovinylsilane which evaporate at low-temperature 
degradation greater than 90 oC due to lower boiling points. The synthesis was carried out in an 
open atmosphere, which makes the oxidation of Si-NPs possible. SiO2 and MWCNTs were 
used at different concentrations of Si-1.5 at % and Si-5.75 at %, which were suspended in 
toluene at 100oC and MWCNTs:SiO2 nanocomposites were obtained. The samples were 
dropped cast on a silicon wafer and were left to dry for several hours.  
4.2.3 Characterization 
Different techniques were utilized to characterize SiO2, MWCNTs, and MWCNTs:Si 
nanocomposites. The different techniques are Field emission scanning electron microscopy 
(FE-SEM) (Jeol JEM 2100) with Energy-dispersive X-ray spectroscopy (EDS) for the study of 
morphology and chemical impurities, X-ray diffraction (XRD) (Rigaku Smartlab X-ray 
diffractometer and wavelength (of 0.154 nm with Cu K-line radiation) for the study of 
crystalline structure, Raman spectroscopy (Horiba scientific XploRA with laser light excitation 
energy (Eex = 2.41 eV) at 532 nm) for the study of the degree of graphitization, X-ray 
photoemission spectroscopy (XPS) (KRATOS-SUPRA spectrometer with a base pressure of 
1.2 x 10-9 Torr, monochromatic Al Ka and radiation possessing excitation energy of hv = 1486.6 
eV) and X-ray absorption near-edge spectroscopy (XANES) (carried out at Taiwan Light 
Source (TLS), Hsinchu, Taiwan) for the study of electronic and chemical bonding properties. 
The current-voltage (I-V) was measured using Keithley 6487 with voltage sweep ranging from 
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-1 to 1 for the study of electrical behavior. Silver paste was used to necessitate contacts between 
the sample and electrical test probes. The stability of the contact was confirmed by the 
continuity of the acquired I–V trends. A superconducting quantum interference device 
(SQUID) (magnetometer with a sensitivity of <5 × 10) magnetometer was used to obtain the 
hysteresis loop and the field-dependent magnetization. The electron spin resonance (ESR) 
(Bruker EMX spectrometer at 9.45 GHz) of the samples were also measured for the 
concentration of electron spin. All characterizations were carried out at room temperature, 
except SQUID which was also measured at 40 K. 
4.3. Result and discussion 
4.3.1.  Field emission-scanning electron microscopy (FE-SEM) 
The FE-SEM images of SiO2, MWCNTs, and MWCNTs:Si nano-composites are shown in 
figure 4.1 (a, b and c). (a) shows the morphology of SiO2 in a spherical image. (b) shows a 
usual tube-like image. In (c), MWCNTs show a rough surface that confirms the deposition and 
no agglomeration of SiO2. It can also be seen from the figure that SiO2-NPs are well-dispersed 
and bounded to the surface of MWCNTs. The attachment and anchoring of SiO2 to the surface 
of MWCNTs is important for the variation of the electrical conductivity of MWCNTs. This 
variation of conductivity is shown later in the text. The EDS spectrum of MWCNTs:Si 
nanocomposites is presented in figure 3 (d). Carbon (C), oxygen (O), and silicon (Si) peaks 
were observed without any impurity. The O peak observed could be from the MWCNTs O-
functional group. 




Figure 4.1. (a, b and c) SEM images for SiO2, MWCNTs, and MWCNTs:Si nanocomposites. 
(d) EDS spectra for MWCNTs:Si nanocomposites. 
4.3.2. X-Ray Diffraction (XRD) Patterns 
The crystal structure of MWCNTs, SiO2, and MWCNTs:Si nanocomposites are identified by 
XRD patterns. Figure 4.2 shows the XRD patterns of SiO2, MWCNTs, and MWCNTs 
functionalized with different concentrations (1.5 and 5.75 at %) of SiO2. A broad diffraction 
peak 2θ is observed at approximately 25.9o corresponding to a plane (002) of graphitic carbon. 
Other peaks 2θ are observed at 43.6o and 53.6o corresponding to planes (100) and (004), 
respectively for MWCNTs (JCPD 75-1621) [11]. In the same Figure, SiO2 shows a broad peak 
with low intensity at 22.7o indicating the crystalline phase of SiO2 [10,12]. Another peak at 7o 
assigned to Si (111) [13]. MWCNTs functionalized with 1.5 at % of SiO2 show the same peaks 
as MWCNTs with additional peak 2θ at 78.1o assigned to (110) plane, indicating that the 
structure of MWCNTs was not destroyed. MWCNTs functionalized with 5.75 at % of SiO2 
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shows two peaks 2θ at 7o and at 21.6o which is of very low intensity towards low 2θ degree. 
The observed carbon planes in the pattern of MWCNTs functionalized with 1.5 at % of SiO2, 
which may be due to lower concentration of SiO2 in MWCNTs suspension. These changes 
were not observed with the higher concentration of SiO2, indicating that the increased 
concentration of SiO2 has impacted the crystal structure of MWCNTs. 
 
Figure 4.2. XRD pattern for SiO2, MWCNTs, and MWCNTs:Si nanocomposites. 
The scherrer’s equation (D = kλ/βcosθ) [14] described in chapter three was used in calculating 
the crystallite sizes of the unfunctionalized and functionalized nanomaterials. The crystallite 
size of MWCNTs was calculated to be 2.84 nm. This value decreases to 2.58 nm for 















 MWCNTs:Si (1.5 at %)















Ph.D Thesis Oke James Ayodele; UNISA Physics 
51 
 
MWCNTs:Si with 1.5 at % and increases to 5.15 nm for MWCNTs:Si with 5.75 at %. The 
variation in the crystallite size may be due to the formation of sp3 hybridization in MWCNTs 
[6]. 
4.3.3. Raman spectroscopy 
Raman spectroscopy provides knowledge about the degree of hybridization, crystal disorder, 
and ordered structure. The Raman spectrum of SiO2, MWCNTs, and MWCNTs functionalized 
with different concentrations (1.5 at % and 5.75 at %) of SiO2 are shown in figure 4.3. (a) 
shows first and second-order silicon peaks (Si1 and Si2) at 520 cm-1 and 1036 cm-1 which 
indicates the absence of carbon material in the sample. (b) consist of four peaks comprises of 
the D mode, G mode, 2D mode, and D+G mode [15]. The D (disordered) and G (ordered) mode 
in the graphitic structure. The 2D and D+G mode occurred due to an implication of D mode 
from second-order vibration and combined vibrational process of the D and G mode, 
respectively. The D, G, 2D and D+G peaks are observed at 1340 cm-1, 1579 cm-1, 2675 cm-1 
and 2929 cm-1 [15], respectively for MWCNTs. These peaks were also observed in (c) and (d), 
an additional second-order silicon peak (Si2) was observed in (d) at 1063 cm-1, which was due 
to a high concentration of SiO2 used in functionalizing MWCNTs. Whereas, (c) did not show 
any silicon peak due to the low content of silicon in the nano-composite. It was also observed 
that the D and G peaks for MWCNTs:Si with 5.75 at % of SiO2 shift towards lower 
wavenumber (see Table 4.1). A peak was also observed at 1460 cm-1 corresponding to D peak 
was due to phonon restrictions among the graphitic walls [16,17]. The observed change in the 
structure indicates that SiO2 has impacted the structure of MWCNTs. 




Figure 4.3. Raman spectra for SiO2, MWCNTs, and MWCNTs:Si nanocomposites. 
In order to identify the peaks height to determine the intensity ratios (ID/IG) of MWCNTs and 
MWCNTs:Si nano-composites, we have de-convoluted their Raman spectra with multiple 
Gaussian fits and are presented in figure 4.4. Their peak positions (x), intensities (Int.) and 








































Figure 4.4. De-convolution Raman spectra for MWCNTs and MWCNTs:Si nanocomposites. 
The ID/IG ratios were calculated from the intensity of D and G peaks and were used to evaluate 
the degree of sp3 and sp2 hybridizations. The values are presented in Table 1. The ID/IG ratio 
increase slightly from 1.24 for MWCNTs to 1.25 for MWCNTs:Si with 1.5 at % and then 
decreases to 0.94 for MWCNTs:Si with 5.75 at %. The values obtained from the ID/IG ratios 
1.25 and 0.94 is an indication of increase and decrease in defect structure, which means that 
there is a conversion of carbon atoms leading to an increase in sp3 hybridization. The ID/IG 
ratios can also be confirmed from the width of D and G mode, the larger the width, the more 
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Table 4.1: Different parameters obtained from the deconvolution of Raman spectra for 
MWCNTs and MWCNTs:Si nanocomposites. 
 
4.3.4. X-ray photoelectron spectroscopy (XPS) 
The electronic structure, chemical bonding, and quantification of SiO2, MWCNTs, and 
MWCNTs:Si nanocomposites were examined using XPS. Table 4.2 reveal each content of Si, 




1st order vibration 
Raman spectra 
materials 



















MWCNTs 2.1 1343 92  1574 82 -- -- -- 
MWCNTs:Si (1.5  
at %) 
3.9 1336 91  1573 77 -- -- -- 
MWCNTs:Si (5.75  
at %) 
2.8 1298 18  1439 23 2.4 1460 24 
2nd order vibration 
Raman spectra of 
materials 
2D peaks D+G peaks 2G peaks /2Dʹ peaks
MWCNTs 0.7 2679 118 0.5 2888 150 -- -- -- 
MWCNTs:Si (1.5  
at %) 
1.4 2673 116 0.7 2900 138 -- -- -- 
MWCNTs:Si (5.75  
at %) 
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Table 4.2: XPS quantificational analysis of silicon (Si), carbon (C) and oxygen (O) 
Nanomaterials XPS quantificational analysis 
Si at % C at % O at %
SiO2  36.40 - 63.60 
MWCNTs - 98.37 01.63 
MWCNTs:Si (1.5) 1.50 94.00 4.50 
MWCNTs:Si (5.75) 5.75 85.00 9.25 
The full XPS spectrum is presented in figure 3.5 with several peaks of index C 1s, O 1s, Si 2p, 
and Si 2s configurations. These peaks were extracted and de-convoluted with Gaussian fits in 
order to examine their peak positions which gives information about the bonding properties. 
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Figure 4.6 (a and b), 4.7 (a and b) and 4.8 (a and b) shows the de-convolutions of C 1s and O 
1s for MWCNTs, MWCNTs:Si with 1.5 at % and MWCNTs:Si with 5.75 at %, respectively 
and Si 2p and Si 2s for SiO2. Their peak positions (x) and intensities (Int.) are presented in 
Table 4.3. The C 1s configuration for MWCNTs was located at 283.4 eV/284.1 eV and 289.9 
eV corresponding to C=C and C-O chemical bonding, respectively. The O 1s configuration 
was de-convoluted into two peaks at 530.4 eV and 532.1 eV, which are signatures of C=O and 
C-O [18], respectively. This bonding indicates that MWCNTs are more of carbon atoms. Figure 
4.6 (c and d), 4.7 (c and d) and 4.8 (c and d) show the de-convolution of Si 2p and Si 2s for 
SiO2, MWCNTs:Si with 1.5 at % and MWCNTs:Si with 5.75 at %, respectively. Si 2p and 
Si 2s configurations for SiO2 were de-convoluted into two and three peaks, respectively.  These 
peaks were observed at 100.7 eV, 101.1 eV and 150.1 to 153.1 eV corresponding to Si 2p3/2, 
Si 2p1/2 [19] and Si-Si bond [20], respectively. 
 
Figure 4.6. De-convolution of C1s and O1s XPS spectra for MWCNTs. 
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From figure 4.7 (a), the C 1s configuration is de-convoluted into three peaks located at 284.4 
eV (C=C), 285.3 eV (Si-C-O) and 291.0 eV (–COOH). It was observed that these peaks shift 
towards high binding energy, thereby forming a defect peak (285.3 eV) [21]. This means that 
there is a structural change in the electronic behavior of MWCNTs:Si with 1.5 at %. In figure 
4.8 (a), the C 1s configuration was de-convoluted into two peaks at 281.7 eV and 282.1 eV 
corresponding to C-Si bond [22], which is an indication of the strong formation of MWCNTs:Si 
nanocomposites. The O 1s configuration of MWCNTs:Si nanocomposites were shown in 
figure 4.7 (b) and 4.8 (b) and were de-convoluted into two Gaussian peaks corresponding to 
O-C and O-Si bond [28]. 
 
Figure 4.7. De-convolution of C1s, O1s, Si 2s and Si 2p XPS spectra for MWCNTs 
functionalized with 1.5 at % concentration of SiO2. 
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Figure 4.8. De-convolution of C1s, O1s, Si 2s and Si 2p XPS spectra for MWCNTs 
functionalized with 5.75 at % concentration of SiO2. 
Figure 4.7 (c and d) and 4.8 (c and d) show the Si 2s and 2p spectra of MWCNTs:Si 
nanocomposites. These peaks were decomposed into two and three Gaussian peaks for Si 2p 
and Si 2s respectively as shown in the figures. However, these peaks are also observed in SiO2 
as discussed earlier. From figure 4.8 (c and d), the decomposed peaks are observed from 100.8 
eV to 102.9 eV which are assigned to Si-C or Si-C-O and the peak at 103.0 corresponds to Si-
O. In the case of figure 4.7 (c and d), the peaks ranging from 150.1 to 153.0 eV are Si-Si bond, 
and other peaks greater than 153.0 eV are Si-O bond [20]. From the results discussed earlier, 
it is obvious that there is a significant change in the bonding structures of MWCNTs:Si 
nanocomposites. Also, the de-convoluted XPS spectra of MWCNTs:Si nanocomposites 
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confirmed the decrease in sp2 to an increase in sp3 cluster as observed from Raman 
spectroscopy. 
Table 4.3: C 1s, O 1s, Si 2p and Si 2s XPS parameters obtained from the de-convoluted of 
SiO2, MWCNTs, MWCNTs:Si nanocomposites 
Nanomaterials C 1s XPS O 1s XPS 
Peak I Peak II Peak III Peak I Peak II 




















MWCNTs 48.7 283.5 25.0 284.3 26.3 288.8 60.6 530.5 39.4 531.9
MWCNTs:Si 
(1.5 at %) 
49.4 284.4 24.7 285.3 25.8 289.5 56.2 531.5 43.8 533.0
MWCNTs:Si 
(5.75 at %) 
87.8 281.8 12.2 282.4 -- -- 67.6 529.2 32.4 529.8
 Si 2s XPS Si 2p XPS 
SiO2 375 150.7 389 151.9 259 153.1 7241 101.2 7689 100.8
MWCNTs:Si 
(1.5 at %) 
270 151.6 588 154.1 142 156.3 28.0 100.4 72.0 103.0
MWCNTs:Si 
(5.75 at %) 
231 148.6 1224 150.6 851 151.6 60.0 99.4 40.0 100.2
 
4.3.5. X-ray absorption near edge structure (XANES) spectroscopy 
Figure 4.9, 4.10, and 4.11 show XANES spectrums of normalized C K-edge, O K-edge, and Si 
L3,2-edge for MWCNTs, MWCNTs:Si nanocomposites and SiO2. From figure 4.9, the C K-
edge spectra display two features π* and σ*. The π* and σ* features correspond to sp2 and sp3 
configurations and were located at 286.2 and 293.5 eV, respectively [23,24]. Figure 4.9 also 
shows an inset which is a Gaussian subtraction of π* region ranging from 283.5 to 289 eV. The 
inset reveals two features of π* at 286.2 (sp2 C-C bond) and 287.6 eV (C-H / Si-C(:H) / Si-
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C(:O) bond [25] for MWCNTs and MWCNTs with Si 1.5 at %, but shift slightly towards high 
photon energy for MWCNTs with Si 5.75 at %. It was observed that the intensity of π* 
increases for MWCNTs with Si 1.5 at % and decreases for MWCNTs with Si 5.75 when 
compared to MWCNTs. The spectra difference between pristine MWCNTs and MWCNTs:Si 
nanocomposites gives a clear understanding of the effects of SiO2 in MWCNTs. These indicate 
the effect of Si-C(:O) and/or Si-C(:H) bonding on the electronic structure of MWCNTs:Si 
nanocomposites. The spectra difference also indicates an increase and decrease in the number 
of unoccupied near-edge C 2p derived states in MWCNTs with Si 1.5 at % and MWCNTs 
with Si content 5.75 at %, respectively. Also, it can be said that the variation in their intensities 
as displayed by the inset corresponds to the variation in the ID/IG ratio as observed from the 
Raman spectra of the nanomaterials.  
 
Figure 4.9. C K-edge XANES spectra of MWCNTs and MWCNTs:Si nanocomposites. 
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Figure 4.10. O K-edge XANES spectra of MWCNTs and MWCNTs:Si nanocomposites. 
The XANES normalized O K-edge spectra of MWCNTs and MWCNTs:Si nanocomposites are 
presented in figure 4.10. The spectrum displays * and σ* features as seen in C K-edge at 
528.6/531.1 eV and 538-547 eV corresponding to transitions from C=O (carboxylic) and C-
O/O-H (hydroxyl) groups [26].  Peaks (double structure) are also found at 533.8 and 535.1 eV 
corresponding to the physical absorption of O2, which may occur throughout preparation [27] 
as shown in each spectrum. The double structure was due to the use of chemicals during the 
synthesis of MWCNTs and MWCNTs:Si nanocomposites. The O K-edge of MWCNTs:Si 
nanocomposites shifted 0.4 eV towards low photon energy compared to MWCNTs. This shift 
implies the relationship between Si, C, and O in MWCNTs. The double peaks at 533.7 and 
535.1 eV are denoted to t2g and eg Si d states [27]. Considering the inset in figure 4.10, an 
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decrease in O vacancies for MWCNTs:Si nanocomposites with Si content of 1.5 at % and 
5.75 at %, respectively when compared to that of MWCNTs. The coupling among O 2p and 
Si 3p states may result in the change in the intensity of MWCNTs:Si nanocomposites. 
 
Figure 4.11. Si L3,2-edge XANES spectra of SiO2 and MWCNTs:Si nanocomposites. 
Figure 4.11 demonstrates the normalized XANES Si L3,2-edge spectrums of SiO2 and 
MWCNTs:Si nanocomposites. The spectra show two structures A and B for each of SiO2 and 
MWCNTs:Si nanocomposites and are separated by 2.0 eV. Structure A exhibits two features 
that are also confirmed by the inset as seen in the figure. These features appear as a spin-orbit 
doublet and are observed at 104 and 105 eV corresponding to the alterations of Si 2p3/2 and 
2p1/2 core states, respectively to Si 3s derived states [27] with separation of 1.0 eV. Structure 
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inset in the figure shows a slight shift and variation in the intensities of MWCNTs:Si 
nanocomposites, indicate a change of electronic structure and formation of the amorphous 
phase is possible for SiO2 in MWCNTs. 
4.3.6. Current-voltage (I-V) measurement 
Figures 4.12 to 4.13 shows the current-voltage (I-V) curves of SiO2, MWCNTs, and 
MWCNTs:Si nanocomposites. The I-V of these samples were measured at room temperature 
ranging from -1 to +1 V. From the figures, SiO2, MWCNTs, and MWCNTs with Si 1.5 at % 
displayed an insulating and conducting behavior. The I-V curve of MWCNTs with Si 5.75 at 
% nanocomposites shows that the materials are semiconducting in nature. It was also observed 
that the electrical conductivity of MWCNTs with Si 1.5 at % is higher than that of MWCNTs 
and MWCNTs with Si 5.75 at %. The electrical conductivity of MWCNTs with Si 1.5 at % 
and MWCNTs with Si 5.75 at % increases and decreases, respectively when compared with 
that of MWCNTs. The variation in the conductivity of the nanocomposites was as a result of 
the formation of a dangling bond in MWCNTs. The dangling bond builds up a separation 
between the energy levels in the band gap of the nanocomposites structure. The separation 
between the energy levels (hopping distances) may change constantly with a change in input 
voltage. Hence, the higher the hopping distances the lesser the charge carrier which is 
analogous to a minute flow of current. On the other hand, smaller hopping distance corresponds 
to the maximum current. 




Figure 4.12. I-V curve for SiO2 and MWCNTs. 
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The I-V log plot of SiO2, MWCNTs, and MWCNTs:Si nanocomposites were depicted in 
figures 4.14 and 4.15. It was observed that the I-V log plot of MWCNTs with Si 5.75 at % 
shows a considerable hysteresis loop when compared to that of SiO2, MWCNTs, and 
MWCNTs with Si 1.5 at %.  The observed loop indicates a charge storage capability and 
ferroelectric behavior of the nanocomposite compared to that of SiO2, MWCNTs, and 
MWCNTs with Si 1.5 at % with no hysteresis loop. Considering figure 4.15, the hysteresis 
loop of MWCNTs with Si 5.75 at % implies semiconducting material than MWCNTs with Si 
1.5 at %. Comparing the cycles of Si 5.75 at %, it was also observed that there is a variation 
in one loop region to the other, indicating a Coulombic blockade/ recombination of holes and 
electrons, which is in agreement with a single electron silicon transistor. Based on this fact, 
MWCNTs:Si nanocomposites may be useful for ferroelectric devices.  
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Figure 4.15. I-V log plot for MWCNTs functionalized with 1.5 and 5.75 at % concentration of 
SiO2. 
4.3.7. M-H loop and temperature-dependent magnetization measurement  
The magnetic properties of SiO2, MWCNTs, and MWCNTs:Si nanocomposites were measured 
using a superconducting quantum interface device (SQUID) under room temperature of 300 K 
and temperature of 40 K, and the M-H curves are shown in figure 4.16 (a). The values obtained 
from this measurement were also presented in Table 4.4. From figure 4.16 (a (i and ii)), SiO2 
and MWCNTs show a paramagnetic and ferromagnetic behavior, respectively. Considering 
figure 4.16 (a (iii and iv)), it is observed that the magnetization for MWCNTs with Si 1.5 at 
% slightly increases, whereas decreases drastically for MWCNTs with Si 5.75 at % when 
compared to that of MWCNTs in figure 4.16 (a (i)), thus Si 5.75 at % loses its ferromagnetic 
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indicating a strong interaction between MWCNTs and SiO2 [20]. This interaction led to an 
increase in sp3 hybridization [20]. In reference to XPS spectra, the formation of Si-C-O (defect 
structure) and –COOH/C-O bonding was observed and can be attributed to the slight increase 
in the magnetization of MWCNTs with Si 1.5 at %. The formation of these bonds was a result 
of an oxygen functional group, which produce a positive center to capture an electron in a 
restricted form [30,31]. The restricted electron retain magnetic moment which contributed to 
the enhanced magnetization in MWCNTs with Si 1.5 percent. These results also correspond 
to the observations in C K-edge and O K-edge XANES spectroscopy. 
 
Figure 4.16. (a) Comparison of M-H loop for SiO2, MWCNTs, and MWCNTs:Si 
nanocomposites at different temperatures. (b) Field cooling (FC) and zero-field cooling (ZFC) 
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In order to have an in-depth understanding of magnetic properties, we have measured the field 
cooling (FC) and zero-field cooling (ZFC) magnetization of SiO2, MWCNTs, and 
MWCNTs:Si nanocomposites. Figure 4.16 (b) shows the temperature dependence FC and ZFC 
of each material with an applied field of 500 Oe. From figure 4.16 (b (ii and iii)), a 
ferromagnetic behavior is observed with an increase in the magnetic moment of MWCNTs 
with Si 1.5 at % compare to MWCNTs. FC and ZFC have confirmed the ferromagnetic 
behavior of MWCNTs and MWCNTs with Si 1.5 at %, which is analogous to the trend of the 
M-H loop. 
Table 4.4: Parameters obtained from M-H loops [Retentivity (MR) Coercivity (HC), Magnetic 
and Saturation (MS),] measured at 40 K and 300 K for SiO2, MWCNTs, MWCNTs:Si 
nanocomposites 
Materials 40 K 300 K 
 MR  HC MS MR HC MS 
SiO2 43 x 10-4 515 0.0057 36.0 x 10-4 379 49 x 10-4 
MWCNTs 73 x 10-4 813 0.019 25.0 x 10-4 112 140 x 10-4 
MWCNT:Si (1.5 at %) 76 x 10-4 689 0.022 23.0 x 10-4 123 130 x 10-4 
MWCNT:Si (5.75 at %) 0.071 x 10-4 357 -- 0.2 x 10-4 60 -- 
 
4.3.8. Electron spin resonance (ESR) 
Also, to understand the defect arising from ferromagnetism in SiO2, MWCNTs, and 
MWCNTs:Si nanocomposites, a room temperature electron spin resonance (ESR) has been put 
into consideration and are plotted in figure 4.17. A sharp microwave signal is observed for all 
spectral. The values estimated from ESR are tabulated in table 4.5. These signals are observed 
at high and low fields ranging from 3200 G to 1700 G, respectively. The ESR signal (line width 
(ΔH)) changes from 203 to 367, 190 to 433, 117 to 711, and 148 to 1284 in the low and high 
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field for SiO2, MWCNTs, MWCNTs with Si 1.5 and 5.75 at % respectively. The Landé 
gfactor (g-value) and Δg/g values vary with the percentage of SiO2 in MWCNTs:Si 
nanocomposites. We observed a ΔH with active g value more than 4.0 and 2.0 at a low and 
high field in ESR of MWCNTs with Si 1.5 and 5.75 at %, respectively, which implies a 
magnetic stage in MWCNTs [32]. The increase in ΔH with active g value above 2.0 may be 
due to a shift in the resonance field (Hr) towards the lower field, indicating a broad ΔH has 
overlapped the resonance line of an unpaired electron trapped within an oxygen vacancy. The 
related effect has been reported by Majchrzycki et al. [33]. Pasy = (1- hu/hl) [34] was used to 
calculate the asymmetric factor (Pasy), where hu and hl are the peak height (upper and lower) 
from the zero lines. From the values calculated, we observed that an increase in SiO2 content 
in MWCNTs:Si nanocomposite led to a gradual increase of Pasy and are presented in Table 4.5. 
The gradual increase of Pasy led to a very high magnetic anisotropy in MWCNTs:Si 
nanocomposites.  




Figure 4.17. ESR spectra for SiO2, MWCNTs, and MWCNTs:Si nanocomposites. 
The whole quantity of spin was assessed using:  N = 0.285 x Ip-p x (ΔH)2 [35] to confirm the 
magnetization in MWCNTs:Si nanocomposites as observed in M-H loop, where N is the total 
spin, Ip-p is the peak-to-peak height of signal and ΔH is the Gauss line width. Base on the 
assessment of N, a higher N value was observed in MWCNTs with Si 1.5 at % compare to 
MWCNTs and MWCNTs with Si 5.75 at % which led to the higher value of magnetization 
in MWCNTs with Si 1.5 at %. In reference to ESR result, MWCNTs with Si 1.5 at % can 
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Table 4.5: Parameters obtained from ESR of SiO2, MWCNTs, MWCNTs:Si nanocomposites 
at 300 K 













SiO2 2.08 4.03 367 203 3243 1673 0.0375 3.67  108 0.32 
MWCNTs 2.04 4.17 433 190 3298 1680 0.0182 6.11  108 0.23 
MWCNTs:Si 
(1.5 at %) 
2.11 4.29 711 117 3198 1572 0.0511 7.54109 0.24 
MWCNTs:Si 
(5.75 at %) 
2.04 4.11 1284 148 3303 1616 0.0182 3.65  109 0.56 
 
The magnetic and electrical behavior are related due to the fact that their properties changes 
based on the mobility of free electrons among the atoms. The non-restricted electrons were 
able to move freely to the conduction band from the valence band, which contributed to the 
enhanced electrical conductivity [36]. The magnetism in a material can also be attributed to the 
non-restricted electrons not captured by the positive center [37]. Moreover, the exchange 
interactions between atoms can be enhanced by the non-restricted electrons, thereby improving 
the ferromagnetism in MWNCTs:Si nanocomposite [37,38]. 
4.4. Conclusion 
SiO2, MWCNTs, and MWCNTs:Si nanocomposites were synthesized and their electronic, 
electrical, and magnetic behavior were studied. It was observed that there is an 
increase/decrease in the hybridization of sp3/sp2 with a decrease/increase in the electrical 
conductivity of the Si 5.75/Si 1.5 at % nanocomposites, respectively. An electrical hysteresis 
loop was observed for Si 5.75 at % nanocomposite, indicating a ferroelectric behavior and a 
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change in the electrical structure of MWCNTs. Also, the magnetic behavior of nanocomposites 
showed a semiconducting structure compared to the semi-metallic structure of MWCNTs. In 
conclusion, the Si-incorporation is another way to tune the electrical/ electronic and magnetic 
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Carbon nanotubes (CNTs) have attracted attention due to their unique electrical, thermal and 
mechanical properties [1,2]. This uniqueness of CNTs has generated great interest for different 
potential applications in various research areas such as solar cells, energy conversion devices, 
sensors, electromagnetic interference shielding, hydrogen storage media, and micro-
electronics. [2–4]. In recent years, there have been demands from semiconductor industries for 
nanomaterials with a high storage density [5,6]. It would be of huge interest if CNTs were been 
used for ferroelectric and memristive devices. The main challenge is due to their low density 
[1] and conducting nature [7]. To meet these demands, the surface of CNTs needs to be 
modified. Modifying the surface of CNTs with nanoparticles is expected to offer excellent 
performances in nano/microelectronic devices and are also useful for nanoprobe, nano cable, 
coaxial, and sensor tips [8]. 
However, CNTs usually need sufficient binding sites to absorb precursors of nanoparticles 
which normally result in low efficiency and weak dispersion in solution [9]. Purification of 
CNTs through acid treatment are been used to attach additional binding sites such as hydroxyl, 
carbonyl, and carboxyl groups (functional groups) to CNTs [9]. These functional groups on 
CNTs do not only give room for the deposition of nanoparticles but also enhance their 
dispersion in a solution [8,9]. Moreover, changing the number of chemical functionalities 
attached to the surface of CNTs can control its electrical behavior. One promising approach is 
the use of lightweight metal as a reinforcing phase on CNTs matrix. Metal like titanium has 
excellent physical properties such as lightweight, corrosion resistance, and high strength which 
can be oxidized to produce titanium dioxide (TiO2) [10]. TiO2-anatase could be considered as 
a supporting nanomaterial due to its semiconducting properties [11]. 
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Several studies have emphasized the benefits resulting in the combination of CNTs-anatase-
TiO2 nanocomposites of their potential properties [12–15] owing to thermodynamic stability 
and non-destructive of TiO2 and therefore better their properties to meet exceptional demands 
in several applications (solar energy and optoelectronics). The anatase-TiO2 phase has 
remarkable photocatalytic activity owing to its greater mobility electron carrier (80 cm2V-1s-1) 
which are approximately 90 times rapid compare to the rutile phase [16]. Purifying CNTs 
through acid treatment and synthesizing CNTs-TiO2 nano-composites using several techniques 
have been reported [9,11,17–19]. 
In view of the above, we have synthesized MWCNTs-TiO2 nano-composites with different 
concentrations of TiO2 (15 and 20 at %) by a simple hydrothermal technique to enhance the 
electronic and electrical structure of MWCNTs. The MWCNTs-TiO2 electronic, structure, and 
electrical behaviors were examined using different research techniques. 
5.2. Methodology 
5.2.1. Synthesis of MWCNTs  
Chemical vapor decomposition (CVD) [20] techniques were used to prepare MWCNTs. In the 
CVD process, C2H2 (acetylene - carbon source) and C10H10Fe (ferrocene - catalyst) were used 
to prepare MWCNTs in a horizontal tube furnace.  A quartz boat of ferrocene was fed in the 
center of a quartz tube. An Argon (Ar) gas was introduced to flow through the furnace at a 
heating temperature rate of 10°C min-1. Acetylene was then introduced alongside with N2 as 
the temperature increases to 900°C. The flow of acetylene was stopped after a reaction time of 
60 min but the N2 was left flowing through the furnace. The boat was taken out of the furnace 
after it was left to cool to room temperature and MWCNTs were obtained. The purification of 
MWCNTs was employed using the method described in the previous study. MWCNTs were 
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acid-treated in a 60mL of mixture 1:3 volume ratio (HNO: H2SO4) at 100 °C for 5 hours. The 
content (mixture) was cooled, filtered, and washed with distilled water. Moreover, the content 
was dried at 80 °C for 15 hours and a purified form was obtained. 
5.2.2. Synthesis of MWCNTs-TiO2 nanocomposites   
The hydrothermal process was employed to prepare MWCNTs:TiO2. 10 mg of MWCNTs was 
dispersed in water and the purchased TiO2 (Sigma-Aldrich (Pty) Ltd) was added at different 
concentrations (Ti-15 at% and Ti-20 at %) to the suspension. The solution was sonicated for 
15 min and thereafter, heated on a hot plate at 80°C for 5 hours. An Ar flow was introduced 
across the surface of the suspension while heating to speed up the vaporization of water. 
Afterward, the samples were kept in an oven to dry overnight at 100oC to prevent CNTs from 
being oxidized in the presence of oxygen at a higher temperature. Furthermore, the samples 
were deposited on a silicon substrate using a drop cast method and were air-dried overnight 
prior to analysis.  
5.2.3. Characterization 
Characterization of TiO2, MWCNTs, and MWCNTs-TiO2 nano-composites were carried out 
using Field emission scanning electron microscopy (FE-SEM) of model Jeol JEM 2100 
coupled with Energy-dispersive X-ray spectroscopy (EDS) for the study of morphology and 
chemical impurities, X-ray diffraction (XRD) of model Rigaku Smartlab X-ray diffractometer 
and wavelength (of 0.154 nm with Cu K-line radiation was used for the study of crystalline 
structure, Raman spectroscopy of model Horiba scientific XploRA with laser light excitation 
energy (Eex = 2.41 eV) at 532 nm to study the degree of hybridization, X-ray photoemission 
spectroscopy (XPS) of model KRATOS-SUPRA spectrometer with base pressure (1.2 x 10-9 
Torr) and monochromatic Al Ka radiation possessing excitation energy (hv = 1486.6 eV) and 
X-ray absorption near-edge spectroscopy (XANES) for the study of electronic and chemical 
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bonding properties. The current-voltage relationship was measured with silver paste as 
conducting electrodes using Keithley 6487 with voltage sweep ranging from -1 to 1 for the 
study of electrical conductivity, ferroelectric, and memristive behavior. All characterizations 
were done at room temperature. 
5.3. Result and discussion 
5.3.1. Field emission-scanning electron microscopy (FE-SEM) 
The FE-SEM image of TiO2, MWCNTs, and MWCNTs-TiO2 nano-composites are shown in 
Figure 5.1 (a), (b) and (c) respectively. Figure 5.1 (a) and (b) displayed a typical spherical and 
tube-like shape, respectively. Figure 5.1 (c) shows the homogenous distribution of TiO2 
agglomeration on the MWCNTs surface. The agglomeration is due to more TiO2 on the 
MWCNTs surface [21]. The aggregation of TiO2 over MWCNTs surface implies that 
MWCNTs support the deposition and growth of TiO2 and also confirming a good contact 
between MWCNTs and TiO2.  These good connections between MWCNTs and TiO2 can be 
due to the advantage of electron transfer. Figure 5.1 (d) shows the EDS spectra of 
MWCNTs:TiO2 nano-composites. The spectra show a high level of carbon, low level of 
oxygen, and titanium, indicating that there is no impurity contained in the nanocomposites 
material. 




Figure 5.1. (a), (b), (c) SEM images of TiO2, MWCNTs and MWCNTs-TiO2 nanocomposite 
(d) EDS spectra for MWCNTs:TiO2 nanocomposite. 
5.3.2. X-Ray diffraction (XRD) patterns 
Figure 5.2 shows the XRD patterns of TiO2, MWCNTs, and MWCNTs-TiO2 nano-composites. 
In the case of MWCNTs, a broad diffraction peak 2θ is observed at 25.9o corresponding to 
(002) plane of graphitic structure and a less intense peak at 43.2o corresponding to (100) plane. 
These peaks match with standard graphite carbon (JCPD 75-1621) [22]. The XRD pattern of 
TiO2 shows characteristic peaks 2θ at (101), (103), (004), (112), (200), (105), (211) (213) (204) 
(116) (220) and (215) corresponding to 25.3o, 37.1o, 37.9o, 38.7o, 48.1o, 54.2o, 55.3o 62.6o, 
62.9o, 68.9o, 70.3o and 75.3o anatase phase [11]. MWCNTs-TiO2 (15 at %) XRD pattern shows 
the same peaks as TiO2, while that of MWCNTs-TiO2 (20 at %) shows the disappearance of 
(103), (112), (105), (213) and (116) peaks.  It was also observed that the (002) plane was 
overlapped by (101) and there is a disappearance of (100) carbon peak. This may be due to 
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much percentage of TiO2 in the nano-composites. Although, the presence of MWCNTs was 
later confirmed by Raman spectroscope.  
 
Figure 5.2. XRD spectra for MWCNTs, TiO2, and MWCNTs-TiO2 nanocomposites. 
The crystallite size (D) was calculated by Scherrer’s equation (D = kλ/βcosθ) [20], which was 
described in chapter three. The crystallite size of TiO2 is 18.10, MWCNTs-TiO2 (15 at %) is 
18.26 nm and MWCNTs-TiO2 (20 at %) is 6.08 nm suggesting that MWCNTs allows the 
growth of TiO2 in MWCNTs-TiO2 which is in agreement with FE-SEM result. 
5.3.3. Raman spectroscopy 
Raman spectroscopy provides information on the degree of hybridization and crystal disorder. 
The Raman spectrum and its de-convolution are shown in Figures 5.3 and 4.4 respectively.  
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Figure 5.3. Raman spectra for MWCNTs, TiO2 and MWCNTs-TiO2 nanocomposites 
From Figure 5.3, different peaks at 396, 516 and 636 cm-1 correspond to B1g, A1g, and Eg band 
of the TiO2 anatase phase, respectively [23,24].  It can be seen that MWCNTs consist of four 
main peaks at 1345, 1585, 2664, and 2912 cm-1 which are assigned to D, G, 2D, and D+G 
mode, respectively as expected for graphitic carbon [5]. The D and G mode is an indication of 
disordered and ordered structure, respectively. The 2D mode is an overtone of D mode which 
occurs due to the second-order vibration process and D+G mode occurs due to the vibration of 
the D and G mode. These peaks are also observed in MWCNTs-TiO2 nano-composites with 
additional three peaks associated with anatase TiO2 [23]. Moreover, these changes in 
MWCNTs Raman spectra are due to the deposition of TiO2 on the surface of MWCNTs. Also, 
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composites Raman shift can be due to increasing in crystallite size of anatase TiO2 
nanoparticles [18]. The MWCNTs-TiO2 (20 at%) shows further reduction and slight 
broadening peaks indicating a reduction in the crystallite size [23]. These variations in 
crystalline size are in agreement with the XRD result. 
 
Figure 5.4. De-convolution of Raman spectra for MWCNTs, TiO2 and MWCNTs-TiO2 
nanocomposites 
The values obtained from the de-convolution of MWCNTs and MWCNTs-TiO2 nano-
composite are displayed in Figure 5.4. Both MWCNTs and MWCNTs-TiO2 nano-composites 
are de-convoluted into four Gaussian peaks corresponding to D, G, 2D, and D+G band and 
their peak positions (x), intensities (y), widths (ω) and ratio (ID/IG) of D and G band are 
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shift of D and G peaks for MWCNTs:TiO2 (20 at%), whereas G band remains unchanged. 
These observations indicate a more graphitic structure corresponding to an increase in sp2 
hybridization. This observation was denied in MWCNTs-TiO2 (15 at %) Raman spectra 
resulting in an enhancement of sp3 hybridization. Also, this effect is seen in the calculated 
intensity ratios of the D and G band. The relative peak intensity ratio gives information about 
the degree of hybridization of MWCNTs and MWCNTs:Ti nanocomposites [25,26]. The ID/IG 
ratio decreases from 1.3 for MWCNTs to 0.9 for MWCNT-TiO2 (15 at %) and increases to 
1.7 for MWCNT-TiO2 (20 at %). The decrease/increase in the ID/IG ratio indicates a 
decrease/increase in sp2 hybridization.  
The change observed generally in x, y, and ω for nanocomposites correspond to the 
improvement of surface electric charge of the oxides in them [14]. Therefore, there is an 
improvement in the surface charge of the oxides in MWCNTs-TiO2 owing to the fact that the 
atoms of Ti substituted atoms of carbon in MWCNTs as seen later in XPS quantification results 
(Table 5.2). This improvement induces a potential electronic change of n to  and  to of 
MWCNTs and among the n-orbit of the oxygen species of MWCNTs and TiO2 [14]. 
Table 5.1: Parameters obtained from the deconvolution of Raman spectra for MWCNTs and 
MWCNTs-TiO2 nanocomposites. 
Nanomaterials First-order Raman spectra Second-order Raman spectra Ratio
D Peak G Peak 2D Peak D+G Peak 
Int. x1 ω Int. x2 ω Int. x3 ω Int. x4 ω ID/IG 
MWCNTs 2.1 1345 83 1.6 1586 74 0.3 2664 79 0.1 2912 87 1.3 
MWCNTs-
TiO2 (15 at %) 
5.2 1342 51 5.7 1584 64 2.7 2682 85 1.0 2922 90 0.9 
MWCNTs-
TiO2 (20 at %) 
6.6 1355 111 3.7 1604 64 0.3 2732 70 1.9 2938 37 1.7 
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5.3.4. X-ray photoelectron spectroscopy (XPS) 
The electronic structure and chemical properties of TiO2, MWCNTs, and MWCNTs:TiO2 
nano-composites are analyzed using XPS and are presented in figures 5.5, 5.6, 5.7, and 5.8. 
The composition and quantification of C, O, and Ti in MWCNT and MWCNTs-TiO2 
nanocomposites were also analyzed and are tabulated in Table 5.2. It is observed that the values 
in the Table show an increase in Ti and O content with a decrease in carbon content for 
MWCNTs-TiO2 nanocomposites. This variation implies that the atoms of carbon have been 
substituted by the atoms of Ti and O. 
Table 5.2: XPS compositional and quantificational analysis of silicon (Ti), carbon (C) and 
oxygen (O) 
Nanomaterials XPS compositional and quantificational of nanomaterials 
Ti at % C at % O at % 
TiO2 33 -- 66 
MWCNTs -- 98 02 
MWCNTs-TiO2 (15 at %) 15 45 40 
MWCNTs-TiO2 (20 at %) 20 26 54 
 
Figure 5.5 displays the full XPS spectrum showing several peaks for TiO2, MWCNTs, and 
MWCNTs:TiO2 nano-composites. C 1s, O 1s, and Ti 2p configurations were extracted from 
figure 5.5 and are presented in figure 5.6, 5.7, and 5.8. The extracted peaks were de-convoluted 
to know their peaks positions and the types of bonds formed in the nanomaterials. 




Figure 5.5. XPS spectra for MWCNTs, TiO2, and MWCNTs-TiO2 nanocomposites. 
In order to understand the bonding structures and electronic properties, we have de-convoluted 
the C 1s, O1s and Ti 2p XPS spectra of MWCNT and MWCNTs-TiO2 nano-composites with 
several Gaussian fits as seen in figures 5.6, 5.7 and 5.8 and their peak intensities (Int.), positions 
(x) and width () are presented in Table 5.3. For analyzing the chemical nature of carbon, we 
study the high-resolution XPS spectrum of the C 1s, O 1s, and Ti 2p regions. In the case of C 
1s XPS spectra for MWCNTs (figure 5.5), three major peaks were observed at 283.5 eV/ 284.3 
eV and 288.8 eV corresponding to C=C and C=O bonds respectively [27]. In O 1s spectra of 
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Figure 5.6. De-convolution of C1s and O1s XPS spectra for MWCNTs and Ti 2p spectra for 
TiO2. 
The de-convolution of C 1s, O 1s, and Ti 2p for MWCNTs-TiO2 nano-composites (Figure 5.7 
and 5.8) pointed out different carbon, oxygen, and titanium species in the MWCNTs-TiO2 
nano-composites. The peaks located in C 1s spectra of MWCNTs shift to higher/lower binding 
energy at 284.6/281.9, 285.4/283.4, and to lower binding energy at 287.5/285.6 eV for 
MWCNTs with Ti content 15/20 at%, respectively. This shift implies that TiO2 has impacted 
the electronic structure of MWCNTs. The peak at 285.4 is assigned to C-O. The O1s peaks 
also shift towards higher/lower binding energy (see Table 5.3) corresponding to Ti-O and Ti-
O-H bond, respectively [28,29]. It is obvious that C–O, and Ti–O bonds (C 1s and O 1s) in C 
1s and O 1s XPS spectra led to the good connection between MWCNTs and TiO2 indicating 
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Ti–O–C bonds are present [19,28], which is due to esterification reaction with hydroxyl groups 
in MWCNTs:TiO2 nano-composites [30]. 
 
Figure 5.7. De-convolution of C1s, O1s and Ti 2p XPS spectra for MWCNTs functionalized 
with 15 at % of TiO2. 
From figure 5.7 (c) and 5.8 (c), the de-convoluted Ti 2p configuration shows two peaks for 
MWCNTs-TiO2 nano-composites. These peaks shift to the higher/lower binding energy for 
MWCNTs-TiO2 (15 at %)/MWCNTs-TiO2 (20 at %), respectively when compared to TiO2. 
These peaks are observed at 459.30/455.60 and 465.10/461.43 eV corresponding to Ti 2p3/2 
and Ti 2p1/2 with constant core-shell spin-orbit splitting of 5.8 eV. This spin-orbit splitting 
indicates the presence of Ti4+ oxidation state [22,27]. Furthermore, the observed change in the 
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binding energies of Ti 2p is due to the fact that electrons transferring through Ti–O–C bonds 
changed the electron density of Ti4+ state in TiO2 [19]. 
 
Figure 5.8. De-convolution of C1s, O1s and Ti 2p XPS spectra for MWCNTs functionalized 
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Table 5.3: Parameters obtained from the de-convolution of C 1s, O 1s, and Ti 2p XPS spectra.  
Nanomaterials C 1s XPS 
Peak I Peak II Peak III 
Int. x1 ω Int. x2 ω Int. x3 ω 
MWCNTs 3.1 288.8 6.5  284.3 2.3 2.1 283.5 0.7 
MWCNTs-TiO2 
(15 at %) 
0.4 287.5 3.3  285.4 1.7 0.5 284.6 0.6 
MWCNTs-TiO2 
(20 at %) 
0.2 285.6 1.3  283.4 1.2 0.6 281.9 1.2 
 
5.3.5. X-ray absorption near edge structure (XANES) spectroscopy  
XANES is an effective tool that was used in examining the electronic, structural, and chemical 
information of TiO2, MWCNTs, and MWCNTs:TiO2 nanocomposites. The C K-edge, O K-
edge, and Ti L3,2-edge XANES spectra of TiO2, MWCNTs, and MWCNT:TiO2 
nanocomposites are shown in figures 5.9, 5.10 and 5.11. The C K-edge shows similar spectra 
for the nanomaterial as shown in the figure 5.9. From the same figure, the spectra display π* 
(C-C sp2) and σ* structures at 286 and 293.0 eV, respectively for MWCNTs [31] and the peak 
located at 287.5 eV is assigned to C-O/C-H bonding, which was as a result of the change in sp3 
hybridization or metal bonding to MWCNTs lattice [32,33]. 
Nanomaterials O 1s XPS Ti 2p XPS 
Peak I Peak II Peak I Peak II 
Int. x1 ω Int. x2 ω x1 x2 
MWCNTs 0.7 531.9 2.2 2.6 530.5 2.7 -- -- 
MWCNTs-TiO2 
(15 at %) 
2.6 531.7 2.5 3.8 530.4 1.1 465.1 459.3 
MWCNTs-TiO2 
(20 at %) 
3.8 528.2 2.5 3.9 526.9 0.9 461.4 455.6 
TiO2 -- -- -- -- -- -- 461.4 455.6 




Figure 5.9. C K-edge XANES spectra for MWCNTs and MWCNTs functionalized with 15 and 
20 at % concentration of TiO2. 
Figure 5.10 shows the XANES spectrum of O K-edge for TiO2, MWCNTs, and MWCNTs:Ti 
nanocomposites.  The O K-edge gives information on how TiO2, MWCNTs, and MWCNTs:Ti 
nanocomposites has been oxidized (degree of oxidation). The spectra display π* and σ* 
structures.  From π* structure, a double π* structure is observed at 528.5 eV and 530.5 eV 
which are signature of C=O bond. The σ* structure at 538-544 eV is assigned to C-O and O-
H bonding [34]. The π* and σ* structures initiated from carboxylic and hydroxyl groups, 
respectively. Other peaks are observed at 533 eV to 535 eV are physical absorption of O2 and 









































Ph.D Thesis Oke James Ayodele; UNISA Physics 
96 
 
physical absorption is predicted to occur during the preparation of MWCNTs and 
MWCNTs:TiO2 nanocomposites. Although, the range 532 to 536 eV in figure 4.10 indicates 
the presence of O 2p to Ti 3d states [35]. The t2g and eg splitting is very sensitive to the degree 
of hybridization and coordination number. Furthermore, the presence of O 2p hybridization 
states to Ti 4sp bands is due to 540 and 546 eV peaks observed, which are even more sensitive 
to long-range order [36]. 
 
Figure 5.10. O K-edge XANES spectra for TiO2, MWCNTs, and MWCNTs functionalized 
with 15 and 20 at % concentration of TiO2. 
Figure 5.11 displays the XANES spectrum of Ti L3,2-edge for TiO2  and MWCNTs:Ti 
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of the interaction of atoms and the effects of the crystal field [36].  The Ti L3,2-edge shows 
typical L3-edge and L2-edge regions. These regions are located 456.4 and 458.6 eV and 461.6 
and 470.1 eV and are assigned to O 2p3/2 and O 2p1/2 Ti 3d bands respectively. The Ti 3d band 
are been split into Ti t2g and eg bands by the effect of crystal field. Considering the inset in 
figure 5. 11, a decrease in intensity with an increase in the content of Ti is observed. This 
variation indicates that Ti atoms have substituted oxygen and/or carbon in the MWCNTs:TiO2 
nanocomposites. 
 
Figure 5.11. Ti L2,3-edge XANES spectra for TiO2 and MWCNTs functionalized with 15 and 
20 at % concentration of TiO2. 
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5.3.6. Current-voltage (I-V) measurement 
Figures 5.12, 5.13 and 5.14, 5.15 shows the I-V characteristic curves and I-V log plot. 
respectively of TiO2, MWCNTs, and MWCNTs-TiO2 nano-composites. The I-V data was 
recorded from a voltage source ranging from -1 to +1 volt with an automatic voltage sweep 
option in three cycles for each as shown in the figures. In figures 5.12 and 5.13, a conducting 
structure is observed for MWCNTs whereas a semiconducting structure is observed for 
MWCNTs-TiO2 nano-composites. Also, an increase in the conductivity of MWCNTs-TiO2 
nano-composites is observed compared to MWCNTs indicating that Ti has an impact on the 
electrical structure of MWCNTs. Although, enhancing the conductivity of MWCNTs was not 
our aim since the material is highly conducting but it is to improve its memristive capacity. 
From Figure 5.14 and 5.15, a significant hysteresis loop with an increased conductivity is 
observed in MWCNTs:TiO2 nanocomposites. The hysteresis loop is indicative of ferroelectric 
behavior and the increase in conductivity is due to free electrons in the conduction band. This 
effect is lower in MWCNTs (see figure 5.14) due to the formation of a conducting structure. 
Comparing features in Figure 5.15, the hysteresis loop which was observed in MWCNTs with 
15 at % content of TiO2 is higher than that of MWCNTs with 20 at % content of TiO2 indicating 
higher charge storage properties and memristive behavior. The electrical features observed in 
MWCNTs:TiO2 nanocomposites could be useful for ferroelectric, charge storage, and 
memristive device applications. Also, It has been reported that conductive films are useful for 
capacitors and batteries [37]. 
 




Figure 5.12 I-V curve for TiO2 and MWCNTs.  
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Figure 5.14.  I-V log plot for TiO2 and MWCNTs. 
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We have synthesized MWCNTs and MWCNTs-TiO2 nano-composites using CVD method and 
hydrothermal process, respectively. Their electronic and electrical structure have been 
examined with different characterization techniques. It was observed that the electrical 
structure of MWCNTs transforms from a conductor to a semiconductor due to the introduction 
of TiO2 nanoparticles. The nano-composite materials also displayed a pronounced hysteresis 
loop indicating a ferroelectric, memristive, and charge storage behavior due to Ti+ transfer in 
MWCNTs-TiO2 nano-composites. We, therefore, conclude that these nano-composite 
materials can be useful for different nano/microelectronic devices, particularly for memristive 
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Carbon nanotubes (CNTs), graphene, and fullerene are graphitic carbon materials that are of 
great interest as a result of their excellent electrical conductivity, thermal properties, and 
mechanical strength [1]. The excellent properties of this graphitic carbon have been of 
significance to researchers and have a likelihood of utilizing them for several applications in 
areas such as hydrogen storage, electrochemical sensors, microelectronics and solar cells [1], 
[2].  Over a few years, CNTs have attracted attentiveness when compared to graphene and 
fullerene, as they entail the possibility of regulating their length, diameter, and morphology. 
These have a very large impact on modifying their behavior for different functions [3].  CNTs 
are cylindrical and hollow nanostructure with open or closed ends which are either in the form 
of single-walled (SW) or multi-walled (MW). SWCNT behaves as a metallic or 
semiconducting material with an energy gap ranging between 0 and 2 eV [4]. SWCNT having 
closed ends are recognized as fullerene, which has limitations as they cannot be produced in 
large quantities. These characteristics and behavior of MWCNTs made it an exceptional 
material then fullerene and graphene. 
However, CNTs properties need to be modified for numerous applications. Several researchers 
have utilized metal oxide and heteroatoms like aluminum oxide (Al2O3), tin oxide (SnO2), 
titanium dioxide (TiO2), zinc oxide (ZnO) [5], and silicon (Si) [6], boron (Br), nitrogen (N) [7], 
respectively to modify the properties of MWCNTs for applications in various fields. Also, other 
studies have functionalized TiO2-SiO2 with different concentrations of MWCNTs for 
photocatalysis activity applications [8–10]. An alternative approach to be considered is 
functionalizing CNTs with bi-dopant. To the best of my knowledge, functionalizing CNTs with 
SiO2-TiO2 has not been given consideration elsewhere. Modifying the behavior of CNTs using 
this bi-dopant can lead to a potential material for varieties of applications. This is because TiO2 
is a none toxic element, has an excellent photocatalytic activity, resistant to corrosion, and can 
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make electron transfer in CNTs possible, owing to its higher movement of free electrons [11]. 
On the other hand, the atoms or molecules of Si behave as a binding site for other atoms or 
molecules [12], which provides dangling bonds through chemisorption on the surface of CNTs, 
thereby, influencing the behavior of CNTs for various application in supplementary to the 
identified ones [13]. Also, it was found that the atoms or molecules of Si relax outward and 
make the formation of sp3 bonding possible, which transforms the electronic behavior of CNTs 
[6].  
Our previous studies showed that MWCNTs-TiO2 NPs [14] and MWCNTs:SiO2 NPs [15] with 
percentage concentrations of Ti 15 & 20 at % and Si 1.5 & 5.75 at %, respectively 
transform the electrical structure, electronic and bonding properties of MWCNTs. Considering 
their electrical conductivity, the conductivity of MWCNTs-TiO2 nanocomposites does not 
change but increases when compared with MWCNTs, whereas, the conductivity of 
MWCNTs:SiO2 nanocomposites varies with 1.5 and 5.75 at % of Si on the surface of 
MWCNTs. In both cases, an electrical hysteresis loop was observed, which indicates a 
ferroelectric behavior. The results obtained from these previous studies serve as a motivation 
to further modify the behavior of MWCNTs with the combined effects of Si and TiO2 on its 
surface for several applications in addition to the know ones.  
In this study, the composite of SiO2:TiO2 at different concentrations (Ti:Si 6:6 at % and Ti:Si 
10:10 at %) on MWCNTs surface were prepared using hydrothermal technique. Afterward, 
their electrical, electronic, and structural behavior were studied using different research 
techniques. The novelty of this investigation is to enhance the properties of the material for 
multidisciplinary applications (opto/nano/microelectronics and catalytic activities 
applications), particularly for charge storage and memristive based devices and also for 
photocatalysis application. 




6.2.1. Synthesis of TiO2, SiO2, MWCNTs, and MWCNTs:Ti:Si 
Ferrocene (C10H10Fe), acetylene (C2H2), toluene (C7H8), chloro(dimethyl) octadecylsilane, 
1,3,5-trimethylbenzene, octadecylamine and TiO2 were purchased from Sigma-Aldrich (Pty) 
Ltd. 
MWCNTs were synthesized using a spray pyrolysis procedure [16]. The process involves the 
use of ferrocene (Fe(C5H5)2) as catalyst and toluene (C7H8) as a carbon source to form a 
solution. Afterward, the solution was positioned in a quartz tube and then inserted into a hot-
wall reactor of temperature 850 °C - 900 oC. An argon flow was then introduced through the 
system until the growth of MWCNTs was completed (40 min). Moreover, acid treatment was 
used to purify the obtained MWCNTs. The solution of hydrochloric and nitric acid at ratio 1:1 
was added to MWCNTs and stirred for 90 min. The mixture was then filtered to obtain pure 
MWCNTs.  
The thermal decomposition technique [17] was utilized to prepare Si-NPs. In this process, the 
solution of 1,3,5-trimethylbenzene and  chloro(dimethyl) octadecylsilane in presence of 
octadecylamine was placed in a quartz pipe in a vacuum condition and heated at a temperature 
of ~140 oC for 120 minutes. The mixture was left to air dry at room temperature to obtain Si-
NPs. Silicon was oxidized upon exposure to air leading to the formation of SiO2. 
Hydrothermal technique [18] was adopted to obtain MWCNTs:TiO2:SiO2 nanocomposites. 
MWCNTs (10 mg) were dispersed in water. TiO2 and SiO2 were added to MWCNTs 
suspension at two stoichiometric ratios (Ti:Si ≈ 6: 6 at%) and (Ti:Si ≈ 10: 10 at%). The 
solutions were sonicated for 30 minutes and stirred at 80oC on a hot plate. Thereafter, we 
introduced an Ar flow through the suspension surface while the process of heating is still on 
to speed up the water vaporization. Afterward, MWCNTs:TiO2:SiO2 nanocomposites (NCs) 
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were obtained in an oven at 100 oC after 15 hours. The samples were dropped cast on silicon 
wafers and air-dried for characterization purposes. 
6.2.2. Characterization 
Characterization of TiO2, SiO2, MWCNTs, and MWCNTs:Ti:Si nanocomposites were carried 
using different techniques. The morphology of the nanomaterials was studied utilizing FE-
SEM JSM-7800F supplied by JEOL Ltd. The crystallite structures were investigated using 
Smartlab X-ray diffractometer with 0.154 nm Cu Kα radiation line supplied by Rigaku. Raman 
spectra of the nanomaterials were studied using scientific XploRA of LASER light excitation 
energy of ∼2.41 eV at 532 nm from HORIBA. The core shells which provide information about 
the electronic structure were examined utilizing KRATOS-SUPRA spectrometer with 
monochromatic Al Kα radiation of pressure and excitation energy of 1.2 × 10-9 Torr and 1486.6 
eV, respectively. The XANES spectra measurements of Ti L3,2-edge, Si L3,2-edge, C K-edge, 
and O K-edge were achieved using Taiwan Light Source (TLS) at NSRRC (National 
Synchrotron Radiation Research Centre), Hsinchu, Taiwan. The electrical conductivity of the 
nanomaterials was performed using conducting silver paste as electrodes to study their 
electrical properties. The I-V measurements were carried out using Keithley 6487 with a 
voltage sweep from -1 to +1 V (−1 to 0 V, 0 to −1 V, +1 to 0 V, 0 to +1 V) in 3 cycles for each 
studied material. The voltage was saturated at 1 V with an applied current limit of 2.5 mA. All 
characterizations were performed at room temperature. 
6.3. Result and discussion  
6.3.1. Field emission-scanning electron microscopy (FE-SEM) 
Figure 6.1 displays the FE-SEM images of TiO2, SiO2, MWCNTs, MWCNTs:Ti:Si 
nanocomposites, and EDS spectra of MWCNTs:Ti:Si nanocomposites. In Figure 6.1, (a-c) 
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shows typical images of TiO2, SiO2, and MWCNTs, respectively. (d) exhibits a tube shape, 
like roots of a tree with no agglomeration, implying a good dispersion of TiO2 and SiO2 on the 
MWCNTs matrix. (e) also shows a tube-like shape along-side with agglomerations on the 
surface of MWCNTs which may be due to an increased percentage of TiO2 and SiO2. This 
indicates a good contact and growth of TiO2 on the MWCNTs surface, which is later confirmed 
by XRD. The spectra in (f) display different peaks corresponding to carbon, oxygen, titanium, 
and silicon denoted by C, O, Ti, and Si respectively. The presence of O in the nanocomposite 
may be due to the hydroxyl functional group of MWCNTs or from TiO2 and SiO2 nanoparticles. 
It is also observed that the spectra do not exhibit any contamination. 
 
Figure 6.1. (a, b, c, d and e) FESEM images for TiO2, SiO2, MWCNTs, and MWCNTs:Ti:Si 
nanocomposites. (d) EDS spectra for MWCNTs:Ti:Si nanocomposites. 
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6.3.2. X-Ray Diffraction (XRD) Patterns 
XRD shows the crystal structure of TiO2, SiO2, MWCNTs, MWCNTs:Ti:Si nanocomposites 
as presented in figure 6.2. The XRD spectrum of MWCNTs shows usual graphitic carbon peaks 
2θ at 25.9o, 43.6o, and 53.6o assigned to plane (002), (100), and (004) respectively [19]. A low 
intense 2θ peak at 7o [20] and 22.7o [21,22] corresponding to (111) and SiO2, respectively are 
observed for the pattern of SiO2. Typical peaks 2θ at 25.3o, 37.1o, 37.9o, 38.7o, 48.1o, 54.2o, 
55.3o and 62.9o are assigned to (101), (103), (004), (112), (200), (105), (211) and (204) plane 
of TiO2 anatase phase [23]. In the XRD spectrum of MWCNTs:Ti:Si nanocomposites, the same 
peaks is observed as seen in the TiO2 pattern with additional rutile phase 2θ at 27.3o and 41.4o 
assigned to (110) and (111) plane, respectively [24,25]. This indicates that TiO2 and SiO2 have 
impacted the crystal structure of MWCNTs. Also, a minute carbon peak is observed in the 
pattern of MWCNTs:Ti:Si (6:6 at %), which later disappeared as Ti:Si atoms increases on the 
surface of MWCNTs, which implies that Ti atoms were gradually replacing carbon atoms as 
the content of Ti:Si increases. The absence of Si peaks doesn't indicate the absence of Si content 
in the nanocomposites, which may be due to the fact that Ti peaks might have overlapped its 
peaks. 




Figure 6.2. XRD spectra for TiO2, SiO2, MWCNTs, and MWCNTs:Ti:Si nanocomposites. 
D = kλ/βcosθ [26] Scherrer’s equation was used to estimate the crystallite size of 
nanomaterials, the parameters in the equation has been described earlier in chapter three. The 
crystallite size was estimated from (101) plane of TiO2, MWCNTs:Ti:Si (6:6 atom %) and 
MWCNTs:Ti:Si (10:10 at %). The crystallite size of TiO2 is 18.10, MWCNTs:Ti:Si (6:6 at 
%) is 19.09 nm and MWCNTs:Ti:Si (10:10 at %) is 19.27 nm suggesting the growth of TiO2 
in the nanocomposites. 
6.3.3. Raman spectroscopy 
Raman is an essential tool that gives information about the degree of hybridization of carbon 
materials. Figure 6.3 represents the Raman spectrum of TiO2, SiO2, MWCNTs, 
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MWCNTs:Ti:Si nanocomposites. The spectra of TiO2 display several peaks and are located at 
396 cm-1 for B1g, 516 cm-1 for A1g, and 636 cm-1 for the Eg band of anatase phases [27,28]. For 
SiO2 spectra, Two peaks are observed at 520 and 1036 cm-1 assigned to Si1 and Si2 (1st and 
2nd silicon peaks). The peaks observed in both TiO2 and SiO2 indicate that carbon species was 
not present in the nanomaterials. As shown in the figure, MWCNTs exhibits four key peaks. 
These peaks are observed at 1345 cm-1 for D peak, 1585 cm-1 for G peak, 2664 cm-1 for 2D 
peak, and 2912 for cm-1 D+G peak [29]. From D (disordered peak) and G peaks (ordered peak), 
we can understand how graphitized is the structure and to what level is the degree of 
hybridization of carbon material. The occurrence of a 2D peak was owing to the 2nd-order 
vibrational effect of the D band. The appearance of the D+G peak was also due to the 2nd-
order combined vibrational effect of the D and G band. The combined effect of TiO2 and 
MWCNTs brings about the occurrence of anatase phase and usual graphitic features in 
MWCNTs:Ti:Si nanocomposites and no SiO2 peak is observed. It can be said that the SiO2 
peaks might have been overlapped by anatase TiO2 peaks. The change in the Raman spectrum 
of MWCNTs indicates that Ti:Si has changed the structure of MWCNTs. Also, the slight shift 
of anatase peaks in the nanocomposites may be due to an increase in the crystallite size of 
anatase TiO2 nanoparticles [30] as observed from XRD. From the de-convolution of 
MWCNTs:Ti:Si (10:10 at %) spectra in figure 6.4, a peak is observed at 1658 cm-1 
corresponding to D’ peak which occur due to the broaden and a slight shift of G band and also 
due to phonon restrictions among the graphitic walls [31,32].   
 




Figure 6.3. Raman spectra for TiO2, SiO2, MWCNT, and MWCNTs:Ti:Si nanocomposites. 
The ID/IG ratios of Raman spectrum plays a vital role in understanding the degree of hybridization of 
carbon materials. To obtain the ID/IG ratios, the Raman spectra of the MWCNTs and MWCNTs:Ti:Si 
nanocomposites were de-convoluted into multiple Gaussian lines and are depicted in figure 6.4. The 
parameters obtained from the deconvolution of the Raman spectrum are also presented in Table 6.1. 
From figure 6.4 (b), it was observed that the width of D and G band got narrowed for Ti:Si (6:6 at%) 
deposition. Also, The intensity of D band decreases to an increase in the intensity of G band. These 
observations maybe be due to the longer isothermal exposure time rate of the nanocomposite. From 
figure 6.4 (c), a slight broadening of G band with occurrence of D band for Ti:Si (10:10 at%) 
deposition was observed compared to MWCNTs, indicating a decrease in sp2 cluster. The ID/IG ratios 
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NCs. The observed variation in the ID/IG ratio indicates a reduction of defect density due to the 
replacement of a carbon by Ti:Si atoms on the surface of MWCNTs. However, it is noted that the ID/IG 
ratio for Ti:Si (10:10 at%) is higher than (6:6 at%) for Ti:Si decorated MWCNTs-NCs. This variation 
in the ratio with the concentration, indicates a structural change of the nanocomposite and it is 
consistent with those of XRD results discussed above. 
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Table 6.1: Parameters obtained from the deconvolution of Raman spectra for MWCNTs and 
MWCNTs:Ti:Si nanocomposites. 
 
6.3.4. X-ray photoelectron spectroscopy (XPS) 
The electronic structure, chemical bonding, and quantification of TiO2, SiO2, MWCNTs, and 
MWCNTs:Ti:Si nanocomposites was examined using XPS spectroscopy. Table 6.2 reveal the 
percentage of each content of Ti, Si, C, and O present in various material. The Table also shows 
that carbon content decreases as Ti and Si content increases on MWCNTs surface, translating 
to the gradual replacement of carbon atoms by Ti:Si atoms. The full XPS spectra are presented 
in figure 6.5 with several peaks of index C 1s, O 1s, Ti 2p, Ti 3p, Si 2p, and Si 2s configurations. 
These peaks were extracted and de-convoluted with Gaussian fits to examine their peak 
positions which gives information about the bonding properties.  
1st order vibration 
Raman spectra 
materials 



















MWCNTs 1343 92 2.1 1574 82  -- -- -- 
MWCNTs:Ti:Si 
(6:6 at %) 
1336 91 3.9 1573 77  -- -- -- 
MWCNTs:Ti:Si 
(10:10 at %) 
1298 18 2.8 1439 23  1460 24 2.4 
2nd order vibration 
Raman spectra of 
materials 
2D peaks D+G peaks ID/IG 
MWCNTs 2679 118 0.7 2888 150 0.5 1.18 
MWCNTs:Ti:Si 
(6:6 at %) 
2673 116 1.4 2900 138 0.7 0.16 
MWCNTs:Ti:Si 
(10:10 at %) 
2727 38 1.5 2924 43 14.2 0.97 
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Quantificational and compositional analysis from XPS
Ti at % Si at % C at % O at % 
TiO2 34 -- -- 66 
SiO2 -- 36 -- 64 
MWCNTs -- -- 98 02 
MWCNTs:Ti:Si (6:6 at %) 6 6 59 29 
MWCNTs:Ti:Si (10:10 at %) 10 11 27 52 
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XPS is an essential tool that was used to examine the bonding and electronic structure of the 
nanomaterials. The spectra of these materials were de-convoluted with Gaussian line into 
several peaks as depicted in figures 6.6, 6.7, and 6.8, and their peak positions (x), width (), 
and intensities (Int.) are shown in Table 6.2.  
Table 6.3:  Parameters obtained from the de-convolution of C 1s, O 1s, Ti 2p, and Si 2p XPS 
spectra  







Int. x ω Int. x ω Int. x ω 
MWCNTs 31387 283.5 0.7  284.3 2.3 1944 290.0 6.5 
MWCNTs:Ti:Si 
(6:6 at %) 
2658 284.6 1.2  285.7 2.2 -- -- -- 
MWCNTs:Ti:Si 
(10:10 at %) 
776 284.6 1.7  286.3 1.9 -- -- -- 
 O 1s XPS 
Ti-O-Ti/Ti-O-H Peak – I 
C=O/C-O/Ti-O-Si 
Peak – II 
C-O/Si-O-Si 
MWCNTs -- -- -- 240 530.5 2.0 287 531.9 2.7 
MWCNTs:Ti:Si 
(6:6 at %) 
310 528.6 1.5 2373 530.6 1.7 2019 532.4 2.3 
MWCNTs:Ti:Si 
(10:10 at %) 
360 528.3 1.8 3355 530.2 1.7 2689 532.0 2.4 
 Ti 2p XPS 




TiO2 -- -- -- 38748 455.6 1.0 10967 461.3 1.8 
MWCNTs:Ti:Si 
(6, 6) 
229 457.3 1.7 1558 459.2 1.5 477 464.8 2.0 





414 457.1 2.4 2256 459.2 1.5 710 464.9 1.9 
 Si 2p XPS 
Peak – I  
Si-C/ Si-C-O 
Peak – II  
Si-C/ Si-C-O/ Si-O 
Peak – III 
Si-O 
SiO2 3044 100.6 1.2 101.1 1.6 6625 -- -- -- 
MWCNTs:Ti:Si 
(6:6 at %) 
199 102.1 2.3 103.6 1.5 225 72 104.6 0.6 
MWCNTs:Ti:Si 
(10:10 at %) 
187 101.7 1.7 103.3 1.8 351 72 104.8 1.4 
 
Figure 6.6 represents the deconvolution of C 1s and O 1s core-level spectra of MWCNTs, Ti 
2p of TiO2, and Si 2p of SiO2. Considering the C 1s of MWCNTs, peaks are located at 283.5, 
284.0, and 290.0 eV, which are signatures of C=C and O=C-O [33,34] bonding, respectively. 
In the case of the O 1s spectra, peaks are observed at 530.4 and 532.1 eV assigned to C=O and 
C-O [33], respectively. The peaks observed for the core level of Si 2p are found at 100.6 and 
101.1 eV corresponding Si 2p3/2 and 2p1/2 [35]. The Ti 2p core level was de-convoluted into 
two peaks at 455.6 and 461.3 eV, which are signatures of Ti 2p3/2 and  Ti 2p1/2 oxidation state, 
respectively. The spin energy splitting between then was calculated to be 5.7 eV, which 
indicates that the Ti4+ state is present [4]. 




Figure 6.6. XPS de-convolution of (a and b) C1s and O1s spectra for MWCNTs. (c) Ti 2p 
spectra for TiO2. (d and e) Si 2s and 2p spectra for SiO2. 
Figure 6.7 and 6.8 represent the de-convolutions of C 1s, O 1s, Ti 2p and Si 2p core levels of 
MWCNTs:Ti:Si (6:6 at %) and MWCNTs:Ti:Si (10:10 at %), respectively. For C 1s de-
convoluted spectra, two peaks are observed at 284.6/284.7 and 285.7/286.3 eV for 
MWCNTs:Ti:Si (6:6 at %)/MWCNTs:Ti:Si (10:10 at %), respectively. In comparison with 
the C 1s of MWCNTs, it was observed that these peaks shift towards high binding energy 
resulting in a defect peak at 285.7 eV for MWCNTs:Ti:Si (6:6 at %). The defect peak is an 
indication of weak attachment within MWCNTs:Ti:Si (6:6 at %) nanocomposite. For O 1s of 
MWCNTs:Ti:Si (6:6 at %) and MWCNTs:Ti:Si (10:10 at %), a shift in peaks positions are 
observed compared to O 1s of MWCNTs. These peaks positions shift to 528.6/530.5, 532.4 eV 
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and 528.3/530.2, 532.0 eV corresponding to  Ti-O-Ti/Ti-O-H/C=O/Ti-O-Si group  [9,36], Si-
O-Si chemical bonding [9,36] for MWCNTs:Ti:Si (6:6 at %) and  MWCNTs:Ti:Si (10:10 
at %), respectively. The chemical bonding Ti-O-Si is an indication of TiO2 and SiO2 
connection. 
 
Figure 6.7. De-convolution of C1s, O1s, Ti 2p, and Si 2p XPS spectra for MWCNTs:Ti:Si 
nanocomposites. 
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Figure 6.8. Deconvolution of C1s, O1s, Ti 2p, and Si 2p XPS spectra for MWCNTs:Ti:Si 
nanocomposites. 
The core levels of Ti 2p of MWCNTs:Ti:Si (6:6 at %) and MWCNTs:Ti:Si (10:10 at %) 
also shift towards high binding energy compare to Ti 2p of TiO2, with additional peak at 457.3, 
eV for MWCNTs:Ti:Si (6:6 at %) and 457.1 eV for MWCNTs:Ti:Si (10:10 at %). The 
observed shift confirms the decoration of Ti on the MWCNTs surface [37,38]. The additional 
peak observed in the Ti 2p of the nanocomposites indicates the presence of Ti3+ state [4,37]. It 
can be said that the deposition of Ti:Si on the surface of MWCNTs led to the occurrence of 
Ti3+ state in MWCNTs:Ti:S nanocomposites. It has been reported elsewhere that Ti3+ states 
can form radicals with O2 [39]. From the previous report [40], the mechanism of photocatalysis 
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hole pair in the surface of the material. The generation of electron-hole pairs is associated with 
a short penetration depth from the formation of radical owing to oxidizing agents. The observed 
Ti3+ state and its ability to form oxidizing radicals with O2 can make the nanocomposites useful 
for photocatalytic activity application. The de-convoluted XPS Si 2p spectra for 
MWCNTs:Ti:Si (6:6 at %) and MWCNTs:Ti:Si (10:10 at %) shows peaks at 102.1 and 
103.6 for MWCNTs:Ti:Si (6:6 at %)  and 101.7 and 103.3 eV for MWCNTs:Ti:Si (10:10 at 
%). These peaks are assigned to Si-C/Si-C-O [41,42]. The third peaks at 104.6 and 104.8 are 
the signature of Si-O bonding [43]. This implies that the electronic and bonding system has 
been influenced due to the deposition of Si on the MWCNTs matrix. 
6.3.5. X-ray absorption near edge structure (XANES) spectroscopy 
XANES is an essential tool in probing the local electronic structure of a material. XANES 
spectroscopy was used to investigate the local electronic structure as well as surface chemistry 
of TiO2, SiO2, MWCNTs, and MWCNTs:Ti:Si nanocomposites. Their C K-edge, O K-edge, Si 
L3,2-edge, and Ti L3,2-edge spectra were depicted in figures 6.9, 6.10, 6.11 and 6.12. Figure 6.9 
represents the C K-edge spectra of MWCNTs and MWCNTs:Ti:Si nanocomposites. Similar 
spectra are observed for the nanomaterial and peaks are located at 286.2 eV which is a signature 
of π* (sp2) and 293.1 eV is assigned to σ* (sp3) [19,44,45]. The inset in the figure was extracted 
using a Gaussian function from 283.5 to 288.5 eV. The inset shows that π* is been split into 
two peaks at 286.2 and 287.6 eV, which was a formation of C-C and C-H bond [46]. Taking 
the spectra intensities displayed by the inset into consideration, there is a variation in the 
intensities indicating that the sp2 content of MWCNTs is decreasing gradually translating to a 
rise in sp3 content as observed from Raman. 




Figure 6.9. C K-edge XANES spectra of MWCNTs and MWCNTs:Ti:Si nanocomposites. 
The O K-edge spectra give information concern the oxidation state and it is displayed in figure 
6.10. From the figure, there are two major peaks for MWCNTs at 528.6 and 540 eV assigned 
to π* and σ* features, respectively. The bi-edge observed for π* features at 528.6 and 530.1 eV 
as shown by the inset in the figure, initiated from the carboxylic group [47] and σ* features 
was as a result of hydroxyl group [47]. Considering the spectra of the nanocomposites, a slight 
energy shift was observed implying the interaction of Ti:Si with O and C on the surface of 
MWNCTs. The appearance of peaks (533.7 and 535.1 eV) within the range 530 and 536 eV in 
the figure was a result of the physical absorption of O2 during the preparation of the 
nanomaterials. These peaks were signatures of t2g and eg. The range between them is due to the 
orbit segregation of Ti 3d [48] and Si d states [49]. Also, the observed region from 530 - 536 
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eV appears due to the interaction of O 2p with the orbit of t2g and eg [48,49]. The above region 
of 536 eV occurs as a result of the interaction between O 2p and Si 3sp-Ti 4sp states [50]. From 
the inset presented in the figure, it was perceived that there is a decrease in the intensities of 
the nanocomposites compare to MWCNTs, implying de-oxidation as occur. 
 
Figure 6.10. O K-edge XANES spectra of MWCNTs and MWCNTs:Ti:Si nanocomposites. 
Figure 6.11 represents the Si L3,2-edge XANES spectra of SiO2 and MWCNTs:Ti:Si 
nanocomposites. The spectra in the figure displayed binary features denoted by A and B and 
the separation between them is 3 eV from each other. Taking structure A into consideration, it 
was observed that the structure is split into two peaks at 103.8 and 105.0 eV as a result of a 
change in Si 2p to Si 3s derived states with separation 1.3 eV between them, translating to poor 
resolute peaks [49]. The appearance of structure B is owing to the transition from Si 2p to Si 
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3p in relation to Si 3s state from the hybridization of O2 2p orbitals [49,51]. The above region 
of 105.0 eV are transition from Si 2p to Si 3d state [50]. The inset in the figure was extracted 
from the main spectra using the Gaussian function. Considering the inset, the intensities of the 
nanocomposites increases compare to that of SiO2. This suggests that there is a change in the 
electronic structure of MWCNTs by the inclusion of Si.  
 
Figure 6.11. Si L3,2-edge XANES spectra of SiO2 and MWCNTs:Ti:Si nanocomposites. 
Figure 6.12 represents the Ti L3,2-edge XANES spectra of TiO2 and MWCNTs:Ti:Si 
nanocomposites. The spectra in the figure depicted a complex feature of regions L2-edge and 
L3-edge signifying O2 2p1/2 and 2p3/2 Ti 3d states, respectively. These regions appeared due to 
atomic contact and the effect of the crystal field [52]. The L2-edge and L3-edge region were 
divided into binary peaks each by the effect of the crystal field and are assigned to t2g and eg 
bands as viewed in the figure. These bands are positioned at 456.3 (t2g), 458.5 (eg) and 461.6 
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(t2g), 463.9 eV (eg) [52] for L3-edge and L2-edge region, respectively. Concerning the inset in 
the figure, the difference in the intensities of TiO2 and MWCNTs:Ti:Si nanocomposites suggest 
the substituted of O or/and C by Ti in the nanocomposites. 
 
Figure 6.12. Ti L3,2-edge XANES spectra of TiO2 and MWCNTs:Ti:Si nanocomposites. 
6.3.6. Current-voltage (I-V) measurement 
The electrical conductivity of SiO2, TiO2, MWCNTs, and MWCNTs:Ti:Si nanocomposites 
were examined using the current-voltage (I-V) technique. The data obtained from their 
measurement were plotted and are depicted in figures 6.13, 6.14, and 6.15.  The electrical 
conductivity was measured in three cycles as displayed in the figures. The electrical structure 
of MWCNTs and SiO2 indicates a conducting and insulating material, respectively, while TiO2 
and MWCNTs:Ti:Si nanocomposites are semiconducting in nature. It is obvious that the 
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inclusion of TiO2 and SiO2 on the surface MWCNTs transform the electrical structure of the 
nanocomposites. Considering the electrical conductivity of MWCNTs:Ti:Si nanocomposites, 
an increased variation was observed compared to MWCNTs due to the inclusion of TiO2 and 
SiO2 nanoparticles. The electrical conductivity of MWCNTs:Ti:Si (10:10 at%) is higher than 
that of MWCNTs:Ti:Si (6:6 at%) nanocomposites. It was observed that the introduction of 
SiO2 is responsible for the variation in the electrical conductivity of the nanocomposites when 
compared to our previous work [14]. The increase in the conductivity is associated with the 
dangling bond formed by SiO2 in MWCNTs, which creates several levels in the energy gap 
and more mobility of free electrons from Ti:Si was able to jump freely to conduction band from 
valence band. Similarly, the higher conductivity in MWCNTs:Ti:Si (10:10 at%) nanomaterial 
was due to higher numbers of free electrons, which were able to move freely to the conduction 
band from valence band, owing to an increased percentage of Ti:Si on MWCNTs matrix.  
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Figure 6.14. I-V curve for MWCNTs and MWCNTs:Ti:Si (6:6 at %) nanocomposite. 
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The I-V log plot of the nanomaterials is shown in figures 6.16, 6.17, and 6.18. The log plot 
reveals the electrical hysteresis loop in each case as displayed in the figures. From these 
figures, it was observed that TiO2 and the nanocomposites materials depicted a small hysteresis 
loop compared to SiO2 and MWCNTs with none. The observed hysteresis loops imply charge 
storage capability, memristive, and ferroelectric behavior. The previous review on the 
memristive capability of TiO2 [53] established its ionic bonding structure which is associated 
with Ti 3+ and O-. Apparently, oxygen vacancies can easily translate ionically thereby leading 
to an auto-doping phase behavior. The constituent oxygen ions can easily cause an anodic 
attachment. The ionic translation and anodic attachment are consistent with previously 
reported ReRAM properties [54]. Furthermore, SiO2 has insulating properties that are useful 
for the fabrication of memory devices. The previous report of Yao et al [55] on SiO2 showed 
encouraging resistive switching and memories. The main mechanism has been the switching 
property originating from switching sites that are embedded in SiO2 and nanogap region that 
are associated with Si-Si bonds. The hysteresis loop region of MWCNTs:Ti:Si (6:6 at %) is 
higher than that of MWCNTs:Ti:Si (10:10 at %), suggesting higher charge storage and 
memristive capability.  
Although, pristine MWCNT gives conducting electrical features, however, the inclusion Ti:Si 
leads to semiconducting behavior with an apparent hysteresis loop that is associated with 
charge storage behavior. Presumably, the formation of MWCNTs:Ti:Si leads to an attachment 
of ionic Ti 3+ and Si-Si bonds which could be a major factor in the observed memristive /charge 
storage behavior. Also, the increase in the conductivity of the nanocomposites can be attributed 
to the decrease in oxygen vacancy as observed in O K-edge XANES spectra. 
The decoration of TiO2 and SiO2 on MWNCTs surface transform its electrical system as 
confirmed in the figures. The nanocomposites materials are said to be useful for ferroelectric 
device applications based on the obtained results. 





Figure 6.16. I-V log plot for TiO2 and SiO2. 
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Figure 6.18. I-V log plot for MWCNTs:Ti:Si (10:10 at %) nanocomposite. 
The agglomeration observed on the surface of MWCNTs:Ti:Si from FE-SEM image indicates 
a growth of Ti on MWCNTs surface and it is consistent with XRD and Raman results. The 
observed growth of Ti was confirmed by XRD due to the calculated increase in the crystallite 
sizes of Ti in the nanocomposites. This increase in crystallite size also corresponds to the 
decrease in the ID/IG ratios of the nanocomposites. The blue shift and the broadening of G band 
with occurrence of D band observed from Raman spectra of the nanocomposite when 
compared to that of MWCNTs is in agreement with XANES and XPS data. The XPS C1s 
spectra for nanocomposites show a positive shift to that of pristine MWCNTs. The XANES C 
K-edge spectra show a steady decrease in the intensities of π* (C-sp2) with the concentration 
of the bi-dopant in comparison with MWCNTs. This observation signifies a reduction in the 
sp2 clusters of MWCNTs with a corresponding increase in sp3 clusters. The electrical 
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10:10 at% with a considerable hysteresis loop that is associated with charge storage 
behaviour. As observed from the XANES spectra, the intensities of O K-edge showed the same 
trend as C K-edge. This observation translates to a reduction in oxygen (O) vacancies as 
inversely reported in a previous study [56]. The reduction in O vacancy may be responsible for 
an increase in the concentration of the mobile electrons resulting in an increase in electrical 
conductivity of the nanocomposites [57]. 
6.4. Conclusion 
The structural, electrical, and electronic transition of MWCNTs:Ti:Si nanocomposites have 
been examined using different research techniques. It was perceived that the sp2 content of 
MWCNTs decreased with increased Ti:Si content as observed from Raman spectroscopy. 
These observations correspond to the variation in the intensities of XANES C 1s spectra, 
indicating a transition in the electronic configuration of MWCNTs. XPS reveals the chemical 
bonding of the nanocomposites materials which shows that TiO2 and SiO2 were connected 
through Ti-O-Si bonding. The observed Ti3+ bond from XPS is capable of forming oxidizing 
radicals with O2 which could be useful for photocatalytic applications. The electrical 
conductivity of the nanocomposites increased but varies when compared to MWCNTs with a 
considerable electrical hysteresis loop. The results from this study reveal the possibilities of 
utilizing MWCNTs:TiO2:SiO2 nanocomposites for several electricals, electronic, and 
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7.1 Thesis summary 
The electronic and magnetic behavior of a material depends on the interaction of electrons in 
the material when subjected to an electric and magnetic field. The theory of an electron 
excellently explains the electronic, magnetic, and electrical properties of the material. This 
theory is important since new technology depends on it. The efforts in developing new 
technology have led to the search of carbon nanotubes (CNTs), which was utilized for this 
study.  
Carbon materials exist in amorphous, diamond, and graphite structures. The well-known 
allotropes of carbon are graphite and diamond. Research methods have expanded the existing 
knowledge about carbonaceous materials and more allotropes have been identified. These 
allotropes include graphene, fullerene, and carbon nanotubes. Most research in material science 
has been about the allotropes (graphitic carbon) as a result of their excellent electrical 
conductivity, thermal properties, and mechanical strength. Over a few years, CNTs have 
attracted attentiveness when compared to graphene and fullerene, due to their better properties. 
After the discovery of CNTs by Iijima in 1991, different techniques (arc discharge, laser 
ablation, and chemical vapor deposition (CVD)) have been used to synthesize CNTs. Arc 
discharge and laser ablation are techniques used in synthesizing CNTs with high quality. 
However, they have a disadvantage of being costly and low scale production. CVD is the most 
used technique in synthesizing CNTs on a large scale in the presence of a catalyst, which has 
the degree of control over length, diameter, and morphology. Due to the catalyst used, CNTs 
can be purified using oxidation, ultrasonication, acid treatment, annealing, micro filtering, and 
functionalization techniques. CNTs consist of single-wall (SW) CNT, double-wall (DW) 
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CNTs, and multi-wall (MW) CNTs, which are hollow, cylindrical nanostructures (wrapped 
graphene sheet) with open or closed (fullerene) ends.  
The structure of CNTs depends on how the graphene sheet is been wrapped, which gives 
armchair, zigzag and chiral structures. These structures also have an effect on their electrical 
properties. Most CNTs are conducting and diamagnetic in nature. The surface of CNTs needs 
to be modified to establish its semiconducting and magnetic behavior.  The two main methods 
used in functionalizing CNTs are covalent and non-covalent modification. The attachment of 
semiconducting and magnetic nanomaterials onto its surface either by covalent or non-covalent 
modification makes them a potential material for different electronic and magnetic 
applications. 
The current study involves MWCNTs (a type of CNTs) which are more cost-effective and 
promising materials for several applications. The material is one-dimensional with perfect spin-
transport medium and is ballistic with a weak spin-orbit coupling which yields a long spin 
relaxation time. SWCNTs act as a metallic or semiconductor with 0 to 2.0 eV bandgap. 
MWCNTs are composed of several coaxial SWCNTs and mostly conducting in nature. 
SWCNT having closed ends are recognized as fullerene, which has limitations as they cannot 
be produced in large quantities. These characteristics and behavior of MWCNTs made it an 
exceptional material then fullerene and graphene.  
Despite the unique properties of MWCNTs, there is a need to modify its properties for preferred 
and more device applications, which is due to the following reasons; MWCNTs lack a magnetic 
moment which made them diamagnetic materials. Also, MWCNTs are conducting in nature 
and are low-density materials. Based on this fact, MWCNTs needs to be functionalized with 
some nanoparticle materials to establish their magnetic moment, semiconducting behavior with 
high storage density, and to vary its magnetization for different electronic, electrical, and 
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magnetic applications. Silicon dioxide (SiO2), Titanium dioxide (TiO2), and a composite of 
SiO2:TiO2 were used to functionalize MWCNTs, the reason being that they are cheaper and 
abundant in nature. Also, silicon is a semiconducting material that acts as an insulating as well 
as conducting material. On the other hand, titanium has excellent physical properties such as 
lightweight, corrosion resistance, and high strength which can be oxidized to produce TiO2. 
TiO2 could be considered as a supporting nanomaterial due to its semiconducting properties, 
nontoxic, and possibility of charge transfer behavior.  
SiO2, TiO2, and SiO2:TiO2 were used to functionalize MWCNTs using the covalent method. 
The materials used in synthesizing these nanomaterials were purchased from Sigma-Aldrich 
(Pty) Ltd. The synthesis of SiO2, MWCNTs, MWCNTs:SiO2 MWCNTs-TiO2, and 
MWCNTs:TiO2:SiO2 nanocomposites were performed using thermal decomposition, spray 
pyrolysis and CVD, toluene suspension and hydrothermal process, respectively. The sample 
characterizations were also performed using FE-SEM, XRD, Raman spectroscopy, XPS, 
XANES, I-V, SQUID, and ESR to establish their electrical, electronic, and magnetic 
properties. 
SiO2, MWCNTs, and MWCNTs:Si nanocomposites were prepared and characterized using the 
above techniques. MWCNTs were decorated with SiO2 at two different concentrations of Si 
~1.5 at % and Si ~5.75 at %. The FE-SEM images of SiO2 and MWCNTs displayed a typical 
spherical and tube-like profile, respectively. MWCNTs:SiO2 nanocomposites depicted a root-
like profile, indicating uniform deposition of SiO2 onto the surface of MWCNTs. The EDS 
spectra showed that there are no impurities in the nanocomposites. From the XRD patterns of 
SiO2 and MWCNTs, usual peaks were observed. The pattern of Si ~1.5 at % showed that the 
structure of MWCNTs was not destroyed and that of Si ~5.75 at % revealed that carbon atoms 
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were replaced by Si atoms. The ID/IG ratios observed from Raman were indications of an 
increase in sp2 and sp3 content for Si ~1.5 at % and Si ~5.75 at % nanocomposites, respectively.  
The Raman result corresponds to the increase and decrease in the intensities of C K-edge 
spectra, making sp3 content richer for Si ~5.75 at %. The O K-edge spectra also displayed an 
increase and decrease the intensities of Si ~1.5 at % and Si ~5.75 at %, implying an increase 
and decrease in the number of O vacancies, respectively. The XPS spectra depicted a defect 
structure for Si ~1.5 at% and a strong bond for Si ~5.75 at % nanocomposites. From the M-H 
loop, it is observed that the magnetization slightly increases and decreases drastically for Si 
~1.5 a t% and Si ~5.75 at %, respectively. In reference to XPS spectra, the strong bond between 
MWCNTs and SiO2 (Si-C tetrahedral bonding) led to an increase of sp3 hybridization, thereby 
decreasing the magnetization of MWCNTs. On the other hand, the formation of Si-C-O (defect 
structure) and –COOH/C-O bonds led to a slight increase in the magnetization of MWCNTs. 
This increase was a result of the oxygen functional group, which produce a positive center to 
capture an electron in a restricted form. The restricted electron retained magnetic moment 
which contributed to the enhanced magnetization in Si ~1.5 at %. These results also correspond 
to the observations in C K-edge and O K-edge XANES spectroscopy. 
The electrical conductivity of Si ~1.5 at % increases, which is due to different energy levels 
created by the dangling bond formed in MWCNTs and the non-restricted electrons were able 
to move freely from valence band to conduction band. The slight decrease in the electrical 
conductivity of Si ~5.75 was due to the transformation from the conducting nature of 
MWCNTs to a semiconducting structure of the nanocomposite. 
The synthesis and characterizations of TiO2, MWCNTs, and MWCNTs:Ti nanocomposites 
were achieved using the research methods mentioned earlier. TiO2 was deposited on the surface 
of MWCNTs at Ti ~15 at % and Ti ~20 at % concentrations.  TiO2, MWCNTs, and 
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MWCNTs:Ti nanocomposites displayed the spherical, tube-like, and homogenous distribution 
of TiO2 agglomeration on MWCNTs surface, respectively. The EDS spectra confirmed that the 
nanocomposites contain carbon, oxygen, and titanium materials. From XRD, a usual pattern 
was observed for MWCNTs, while TiO2 and MWCNTs:Ti nanocomposites depicted  anatase-
TiO2 phase, indicating carbon atoms were replaced by Ti atoms. The calculated crystallite size 
showed an increase for Ti ~15 at % and decreases for Ti ~20 at % when compared to MWCNTs. 
Raman showed the ID/IG ratio of 1.3 for MWCNTs, the inclusion of Ti ~15 at % in MWCNTs 
decreases the ratio to 0.9 and on Ti ~20 at % inclusion, the ratio increases to 1.7. The variation 
in the ID/IG ratio indicates a decrease and increase in sp2 hybridization.  It was observed from 
XPS, that the increase in Ti content in MWCNTs decreases its carbon content. 
XPS also shows that the C–O and Ti–O bonds from C 1s and O 1s, respectively led to the good 
connection between MWCNTs and TiO2, indicating Ti–O–C bonds are present. Ti4+ oxidation 
state was also present as a result of electrons transferring through Ti–O–C bonds, which change 
the electron density in MWCNTs:Ti nanocomposites. From C 1s XANES spectra, the observed 
C-O/C-H bonding was as a result of a change in sp3 hybridization or metal bonding to 
MWCNTs lattice. A decrease in the intensity of Ti L3,2-edge XANES spectra with an increase 
in the content of Ti also confirms that Ti atoms were replaced by oxygen and/or carbon in the 
MWCNTs. The observed changes in XPS and XANES indicate that TiO2 has influenced the 
bonding and electronic structure of MWCNTs. 
The electrical conductivity of MWCNTs:Ti nanocomposites increases compared to MWCNTs. 
Although, enhancing the conductivity of MWCNTs was not our aim since the material is highly 
conductive but it was to improve its memristive capacity. The hysteresis loop which was 
observed in MWCNTs with ~15 at % content of TiO2 is higher than that of MWCNTs with 20 
at % content of TiO2 indicating higher charge storage properties and memristive behavior. 
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The previously mentioned characterization techniques were used to study the synthesized TiO2, 
SiO2, MWCNTs, and MWCNTs:Ti:Si nanocomposites to establish the novelty of the 
nanocomposites materials for various applications. TiO2:SiO2 was included in the suspension 
of MWCNTs at different stoichiometric ratios of Ti:Si ~6:6  at % and Ti:Si ~10:10 at %. The 
images of TiO2, SiO2, MWCNTs, and MWCNTs:Ti:Si nanocomposites depicted a roughly 
spherical, ball cluster, tube-like, and root-like profiles, respectively. The Ti:Si ~6:6 at % 
nanocomposite showed a uniform dispersion of TiO2:SiO2 on MWNCTs lattice, while that of 
Ti:Si ~10:10 at % nanocomposite displayed some agglomeration. The observed agglomeration 
indicates that MWCNTs allowed the growth of Ti on its surface as confirmed later by XRD. 
The EDS displayed a spectrum without contaminants in the nanocomposites. The XRD patterns 
presented normal peaks for anatase TiO2, SiO2, and MWCNTs, while the nanocomposites 
showed anatase and rutile phases of TiO2, indicating TiO2 and SiO2 changed the crystalline 
structure of MWCNTs. The Ti:Si ~6:6 at % nanocomposites also displayed a very less intense 
carbon peak, which later vanished as Ti:Si content increases on MWCNTs lattice, implying 
that carbon atoms were gradually replaced by Ti atoms. The calculated crystallite size showed 
an increase in the growth of Ti on MWCNTs lattice. 
Raman spectra of the nanocomposites depicted three peaks (B1g, A1g, and Eg) of anatase TiO2 
with four carbon peaks (D, G 2D and D+G) for MWCNTs. A slight shift was observed for the 
anatase peaks of the nanocomposites when compared to pristine anatase TiO2, which may be 
due to an increase in the crystallite size of anatase TiO2 as observed from XRD. The ID/IG ratios 
of MWCNTs and the nanocomposites were calculated to ascertain the degree of their 
hybridization and graphitization. The ID/IG ratios were obtained from the peak intensity of D 
and G peaks. The ratios showed a decrease in the ID/IG ratios, which is an indication of an 
increase in sp3 hybridization but a decrease in graphitization. This decrease implies that carbon 
atoms were replaced by Ti:Si atoms. 
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From C K-edge XANES spectrum, there is a variation in the intensities of MWCNTs and Ti:Si 
nanocomposites, indicating that the graphitization of MWCNTs is decreasing gradually 
translating to a rise in sp3 content as observed from Raman. The O K-edge spectra also depicted 
a decrease in the intensities of the nanocomposites compared to MWCNTs, implying de-
oxidation has occurred. XPS revealed the chemical bonding of the nanocomposites materials 
which shows that TiO2 and SiO2 were connected through Ti-O-Si bonding and other bonds like 
Ti-O-Ti/Ti-O-H/C=O/Ti-O-Si were responsible for the deoxidation observed in O K-edge 
XANES spectra. The observed Ti3+ state from XPS can form oxidizing radicals with O2 which 
can be useful for photocatalytic activity. 
The electrical structure of MWCNTs and SiO2 displayed conducting and insulating structures, 
respectively, while TiO2 and MWCNTs:Ti:Si nanocomposites are semiconducting in nature. 
An increased variation was observed in the electrical conductivity of Ti:Si nanocomposites 
compared to MWCNTs. The increase in conductivity may be due to the numbers of non-
restricted electrons that were able to jump from the valence band to the conduction band. The 
I-V log plot displayed a small hysteresis loop for the nanocomposites material, implying a 
ferroelectric behavior.  
7.2 Conclusions 
This study synthesized and characterized TiO2, SiO2, MWCNTs, MWCNTs:SiO2 MWCNTs-
TiO2, and MWCNTs:TiO2:SiO2 nanocomposites using different research technique and their 
electronic, electrical, and magnetic behavior were studied. The results obtained were discussed 
in chapters four, five, and six and the following conclusions were deduced accordingly: 
The study of MWCNTs:SiO2 showed that the electrical conductivity of the Si ~1.5 and Si ~.75 
at % nanocomposites increases and decreases, respectively when compared with MWCNTs. 
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An electrical hysteresis loop was observed for Si ~5.75 at % nanocomposite, indicating a 
ferroelectric behavior. Also, the magnetic behavior of nanocomposites showed a 
semiconducting structure compared to the semi-metallic structure of MWCNTs with a variation 
in the magnetization of the nanocomposites. 
The study of MWCNTs-TiO2 nanocomposites showed that the electrical structure of MWCNTs 
transforms from a conductor to a semiconductor with an increase in electrical conductivity due 
to the introduction of TiO2 nanoparticles. The nanocomposite materials also displayed a 
pronounced hysteresis loop indicating a ferroelectric, memristive, and charge storage behavior 
due to Ti+ charge transfer in MWCNTs.  
The investigated MWCNTs:TiO2:SiO2 nanocomposites revealed that Ti3+ state is present in the 
nanocomposites. The observed Ti3+ bond is capable of forming oxidizing radicals with O2 
which could be useful for photocatalytic applications. The electrical conductivity of the 
nanocomposites increased but varies when compared to the metallic structure of MWCNTs.  A 
semiconducting structure was also observed for the nanocomposites with a minute electrical 
hysteresis loop, indicating a change in the electrical structure of MWNCTs.  
In general, these studies revealed different routes in tuning or modifying the electrical, 
electronic, and magnetic behavior of MWCNTs for different electrical, electronic, and 
magnetic device applications. 
7.3 Recommendations 
This study has established the electrical, electronic, and magnetic behavior of MWCNTs:SiO2, 
MWCNTs-TiO2, and MWCNTs:TiO2:SiO2 nanocomposites and has shown different ways in 
which they can be synthesized and characterized. It has also established the fact that TiO2, 
SiO2, and TiO2:SiO2 can tune properties of MWCNTs for different applications. Hence, these 
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nanocomposites materials could be useful for different electrical, electronic, and magnetic 
applications where ferroelectric, ferromagnetic, memristive, charge storage, and photocatalytic 
behavior are preferred. 
7.4 Future work 
Means to improve the properties of MWCNTs using covalent functionalization through 
different synthesis methods have been achieved. However, more methods should be explored 
in synthesizing and purifying MWCNTs in other to develop or produce more cheaply and good 
quality of MWCNTs. In addition, effort should be made in the covalent functionalization of 
MWCNTs using non-acid as an oxidizing agent to avoid large usage of acid. Moreover, further 
work needs to be done on the functionalization of MWCNTs using the non-covalent method to 
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